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Bromus tectorum is the most widely distributed invasive species in the Great Basin. The 
effects of B. tectorum invasion include changes in plant community composition, nutrient and 
water availability, and increased wildfire frequency. However, its eradication from the region is 
unlikely. Therefore, effective management strategies to control B. tectorum are needed. In the 
Great Basin, nitrogen limits plant growth, but nitrogen availability often increases after 
environmental disturbances (e.g. wildfires). In my dissertation, we examined the effects of 
increased nitrogen availability on B. tectorum. First, we evaluated the effects of nitrogen 
availability on productivity and photosynthetic response of greenhouse-grown B. tectorum. 
Second, we developed a semi-mechanistic model to estimate assimilation rate of B. tectorum in 
response to leaf nitrogen content, temperature, light, and vapor pressure gradient. The model 
was developed using information derived from greenhouse-grown plants and validated using 
field-grown plants. Finally, we examined how assimilation rate of B. tectorum varied across the 
landscape. To achieve this, we used the semi-mechanistic model to estimate assimilation rate 
using large scale climate data and different levels of leaf nitrogen content. This study advances 
our knowledge about the physiological responses of B. tectorum to changes in nitrogen 
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CHAPTER 1: General Introduction 
In Chapter 1, I first provide an overview of my dissertation research. The remainder of 
the chapter then introduces the main topics that comprise my dissertation research. 
In this dissertation, we observed how nitrogen availability affects productivity and 
photosynthetic rate in B. tectorum (Chapter 2). Bromus tectorum plants were grown under 
different nitrogen treatments. The objective was to observe if an increase in nitrogen 
availability was conducive to increased biomass productivity or increased photosynthesis.  
We next developed a semi-mechanistic, big-leaf, multiplicative model to predict 
assimilation (Chapter 3). The multiplicative model combines physiological theory and 
empirically derived functions to describe the relationship between assimilation rate of B. 
tectorum and environmental factors (i.e. temperature, light, and vapor pressure gradient). The 
model used information derived using greenhouse-grown B. tectorum plants and was validated 
using field-grown plants.  
 Finally, the photosynthesis model was used to create a continuous layer of estimated 
photosynthetic rate and seasonal carbon gain at the landscape level (Chapter 4). Environmental 
factors (temperature, light, and VPG) were derived from gridded weather data sets and 
transformed to hourly values. Daily and seasonal assimilation rates were compared to B. 
tectorum distribution maps to evaluate if areas with high assimilation rates correspond to areas 
of high B. tectorum abundance. 
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Overall, this research focused on the effects of nitrogen availability on the productivity 
and photosynthetic response of B. tectorum. Information obtained using greenhouse-grown 
plants allowed us to combined plant physiological responses with large scale meteorological 
data to predict how the assimilation rate of B. tectorum varies across the landscape. Our 
findings can potentially be used by land managers and decision makers to develop management 
strategies for B. tectorum in the Great Basin. 
1.1 Photosynthesis 
Solar energy represents the main energy input to the planet. Nonetheless, solar energy 
does not directly support life. Photosynthesis is the biological process by which green plants, 
algae, and some bacteria transform solar energy into chemical energy that can be used, stored, 
and transferred. In its simplest form, the overall photosynthetic reaction can be described as: 
𝐶𝑂2 + 𝐻2𝑂 
𝐿𝑖𝑔ℎ𝑡
→   𝐶6𝐻12𝑂6 + 𝑂2     (E.q 1.1) 
where CO2 and H2O are used as substrates to produce carbohydrates (i.e. C6H12O6) and 
molecular oxygen. The uptake of CO2 and release of O2 had a major role in the development of 
our current atmosphere over 2.3 billion years ago, when the atmospheric O2 concentration 
increased and allowed the development of life as we know it.    
Photosynthesis can be divided into three main processes: (i) absorption of light, (ii) 
production of chemical energy in the form of ATP and NADPH, and (iii) carbon reduction 
(Lambers et al. 2008). In plants, the absorption of light takes place in specialized organelles 
called chloroplasts, where chlorophylls a and b as well as other pigments absorb different light 
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intensities, mostly in the range between 400 and 700 nm, which corresponds to photosynthetic 
active radiation (PAR). Inside chloroplasts, an extensive membrane system (i.e. thylakoid 
membranes) is spatially arranged to create two distinct regions: stroma lamellae and grana 
lamellae. Pigments and their associated proteins are spatially arranged in clusters known as 
photosystem I (PSI), which is located in the stroma lamellae (i.e. unstacked thylakoid 
membranes), and photosystem II (PSII), which is located in the grana lamellae (i.e. stacked 
thylakoid membranes). At the center of each photosystem is a specific chlorophyll dimer known 
as a reaction center that receives the energy absorbed by the pigments. In PSI, the reaction 
center contains a chlorophyll molecule with an absorption peak near 700 nm, known as P700. PSI 
turns into a strong reducing agent that donates an electron to reduce NADP+ to produce 
NADPH. In PSII, the reaction center has a peak of absorption in the 680 nm wavelength that is 
known as P680. Upon excitation, PSII reduces a series of electron carrier molecules while 
generating a very strong oxidant capable of oxidizing water molecules. The oxidation of two 
water molecules releases one molecule of O2 (see Eq.1.1), four electrons, and four protons (H+) 
creating a pH gradient across the thylakoid membranes (He and Malkin 1998; Hoganson and 
Babcock 1997; Lambers et al. 2008; Taiz and Zeiger 1998). 
When a photon of light is absorbed by PSII, an electron derived from the oxidation of 
water is captured by the PSII, leaving the reaction center in an excited and unstable state. Once 
in that high energy state, one of three things can happen: (i) the excited chlorophyll can return 
to a ground state by releasing energy in the form of heat; (ii) a photon can be re-emitted and 
the chlorophyll molecule returns to a ground energy state in a process known as fluorescence; 
or (iii) the excited chlorophyll can pass the electron to the reaction center of the PSI via a 
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sequence of biochemical reactions known as the electron transport chain, ultimately producing 
reducing power in the form of NADPH (Gunter and Arnold 2000; He and Malkin 1998; Lambers 
et al. 2008). Another protein complex associated with the thylakoid membranes, called ATP-
synthase, converts ADP into ATP in a process driven by the pH gradient across the thylakoids. 
This gradient is created from the accumulation of protons derived from the oxidation of water 
molecules.  
Chemical energy (i.e. ATP and NADPH) derived from photochemical reactions is then 
used in the last photosynthetic process, i.e. carbon reduction (Sharkey 1998). This series of 
biochemical reactions known as the Calvin cycle (Calvin 1955) yields carbohydrates that plants 
use to produce more tissues or can be stored in the form of starch. In the first step of the Calvin 
cycle, six atmospheric CO2 molecules are combined to six 5-carbon molecules (ribulose 
bisphosphate, RuBP) in a reaction catalyzed by the enzyme ribulose-bisphosphate-
carboxylase/oxygenase (RUBISCO), which produces 12 molecules of a three carbon compound 
(Phosphoglyceric acid; PGA). In the second step of the Calvin cycle, 12 PGA molecules are 
transformed into 12 triose-phosphate molecules, in a process that uses 12 ATP molecules and 
12 NADPH molecules. Two triose-phosphate molecules are exported out of the Calvin cycle to 
produce carbohydrates for the plant. The remaining 10 triose-phosphate molecules are then 
used in the last step of the Calvin cycle, the regeneration of RuBP, a process that requires 6 ATP 
molecules (Calvin 1955; Sharkey 1998).  
RUBISCO can also catalyze the combination of O2 and RuBP (i.e. oxygenation); hence, O2 
can inhibit CO2 fixation (Bowes and Ogren 1972). The oxygenation of RuBP consumes O2 and 
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releases CO2 in a process known as photorespiration. Therefore, carbohydrate yield per RuBP 
molecule in photorespiration is lower than the yield of the Calvin cycle, and it requires 
additional ATP and further steps that take place in different organelles (Oliver 1998). The 
proportion of carboxylation to oxygenation reactions catalyzed by RUBISCO is a function of the 
concentration of CO2 and O2 near the active site of the enzyme. To reduce losses from 
photorespiration experienced by C3 plants, other plant species have evolved different 
photosynthetic syndromes that separate carbon fixation from the Calvin cycle, either 
temporally (crassulacean acid metabolism- CAM plants) or spatially (C4 plants) (Knapp 1993; 
Lambers et al. 2008). 
1.2 Photosynthesis response to environmental factors 
The photosynthetic rate of any plant is strongly influenced by different environmental 
factors, including: external CO2 concentration, temperature, light intensity, water, and nutrient 
availability. 
1.2.1 Response of photosynthesis to CO2  
The relationship between photosynthetic assimilation rate and CO2 depends on supply 
of CO2 to the chloroplast (where the Calvin cycle takes place) and how much CO2 is being used 
by the Calvin cycle. At low internal CO2 concentrations, photosynthetic rate increases linearly 
with the amount of CO2, because the system has enough RuBP and RUBISCO to fix all available 
CO2. However, as the internal CO2 concentration continues to increase, carbon fixation rate 
levels off, and an increase in CO2 does not lead to more CO2 fixation. At this point the system is 
saturated with CO2, and RuBP regeneration becomes the limiting factor (Lambers et al. 2008). 
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1.2.2 Response of photosynthesis to light 
The relationship between light intensity and photosynthetic carbon assimilation is 
described by a non-rectangular hyperbola (Marshall and Biscoe 1980; Thornley 1998), and it is 
known as a light response curve. The initial slope of the light response curve is a measurement 
of the efficiency of carbon fixed per unit of light (i.e. the apparent quantum yield). At low light 
intensities, carbon assimilation increases linearly with light intensity, photochemistry being the 
limiting factor. As light intensity continues to increase, assimilation rate continues to increase 
until it reaches a maximum value (Amax). Once Amax has been reached, an increase in the light 
intensity does not lead to a greater assimilation rate, and the relationship is said to be light 
saturated. In this region, chemical energy (ATP and NADPH) is produced faster than can be used 
in the Calvin cycle, and carboxylation rate becomes the limiting factor (Lambers et al. 2008).  
1.2.3 Response of photosynthesis to water 
Stomatal conductance (the rate at which CO2 diffuses from the atmosphere into the leaf 
while H2O vapor leaves the leaf; gs) decreases in response to low water availability as a way for 
plant to conserve water. However, the decreased gs also decreases the supply of CO2 to the 
carboxylation site in the leaf, leading to what is known as the stomatal limitations of 
photosynthesis. Additionally, a decrease in water availability can lead to a decrease in 
metabolic processes that cause a decrease in ATP production (i.e. non-stomatal limitations), 
leading to the down-regulation of the Calvin cycle (Tezara et al. 1999) and consequently a 
decrease in assimilation rate. 
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1.2.4 Response of photosynthesis to temperature 
Temperature affects photosynthesis in plants by: (i) changes in the fluidity of biological 
membranes, (ii) changes in the rate of biochemical reactions, including the kinetics of RUBISCO 
(Leuning 1997; Von Caemmerer 2000), and (iii) by changes in the solubility of CO2 in response to 
temperature. At low temperatures, assimilation rates are low because of decreased enzymatic 
activity and decreased diffusion of CO2 to the carboxylation site. As temperature increases, 
assimilation rate increases and reaches a maximum at an optimum temperature for 
photosynthesis (Topt). At temperatures greater than Topt, assimilation decreases in response to a 
decrease in the solubility of CO2. Additionally, at high temperatures, oxygenation of RuBP is 
favored, leading to an overall decrease in net assimilation rate (i.e. the difference in the amount 
of CO2 fixed by photosynthesis and the amount of CO2 lost via photorespiration). 
1.2.5 Response of photosynthesis to nutrient availability 
Nutrient availability also affects the rate of photosynthetic assimilation because of 
limitations in the production of components of the photosynthetic machinery. Assimilation rate 
is positively correlated to leaf nitrogen (Evans 1989; Field and Mooney 1986). The relationship 
between assimilation rate and nitrogen content is because plants invest between 50 and 70% of 
their leaf nitrogen content in the photosynthetic apparatus, particularly in the production of 
RUBISCO (Poorter and Evans 1998; Sage and Pearcy 1987; Sage et al. 1987). Therefore, a 
decrease in nitrogen availability leads to a decrease in RUBISCO concentration and 
consequently, a down regulation of the Calvin cycle. 
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1.3 Bromus tectorum in the Great Basin 
The Great Basin is the largest endorheic watershed in North America. Most of the area is 
found in Nevada, but it expands to regions of California, Oregon, Idaho, and Utah (Knapp 1996). 
The region is characterized by dry hot summers and wet cold winters, with most of the 
precipitation received as snow (West 1983). The native plant community is dominated by 
Artemisia (sagebrush) and several perennial bunchgrasses that evolved without intensive 
grazing and with long fire return intervals (Mack and Thompson 1982; Young et al. 1987).  
After European settlement and establishment of the mining industry in the Great Basin, 
native plant communities were diminished. Early in the 20th century, Bromus tectorum was 
introduced at least once as a forage species to sustain livestock production (Hazeltine et al. 
1965), and accidental introductions around the same time were also likely. By 1981, it was 
already considered to be one of the most widely distributed species in the area (Mack 1981). 
Currently, B. tectorum covers about 40,000 km2 in Nevada and Utah alone, and it is considered 
the invasive species with the largest ecological impact in the western United States (Bradley 
and Mustard 2005; Knapp 1996).  
Bromus tectorum is a winter annual grass from Eurasia (Mack 1981). It germinates 
during fall when water is available and then overwinters, resuming growth in late winter or 
early spring when temperatures are favorable (Stewart and Hull 1949). Seeds mature in late 
spring or early summer and become viable shortly after maturation (Warg 1938). After 
maturity, seeds are dispersed by wind, water, and animals (Mack 1981). Bromus tectorum is an 
early seral species; it establishes quickly after disturbances or soon after agricultural lands have 
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been abandoned, limiting the re-establishment of native species (Hull and Pearse 1943; Knapp 
1996).  
Establishment of B. tectorum in the Great Basin has negative impacts at the ecosystem 
level (Adair and Burke 2010; Beckstead et al. 2010; Brooks et al. 2004). Introduction of B. 
tectorum led to the conversion of the Great Basin from a native perennial grassland to an 
annual-dominated system (Mack 1981; Stubbendieck et al. 2011). Additionally, B. tectorum has 
strong competitive effects over native plant species (Nasri and Doescher 1995; Rafferty and 
Young 2002). When growing with B. tectorum, different native species produce less biomass 
(including fewer leaves and fewer flowers) than when growing in absence of B. tectorum 
(Goergen et al. 2011; Herget et al. 2015; Owen et al. 2013). Effects of B. tectorum over native 
species can also be indirect. For example, Elymus elymoides (a native species to the Great 
Basin) had ~25% less mycorrhizal colonization when growing next to B. tectorum, which 
suggests an alteration of the soil microfauna in response to the presence of B. tectorum (Owen 
et al. 2013). Bromus tectorum also invests more resources towards reproduction efforts than 
native species, which in turn increases propagule pressure and contributes to its invasiveness 
(Eschtruth and Battles 2009; Thomsen et al. 2006). 
Success of B. tectorum as an invasive species is measured not only by how widely it 
spreads and the different environments it colonizes (Rice et al. 1992), but also by how it 
modifies the environment to favor its long-term survival (Booth et al. 2003). One of the biggest 
environmental modifications caused by B. tectorum invasion is an increase in wildfire 
occurrence to the point that native communities cannot recover (Whisenant 1990). Stand 
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density of B. tectorum varies between 1000 to 14,000 plants per square meter, with an average 
density of over 5000 plants per square meter; and biomass productivity is higher than that in 
annual native species (Stewart and Hull 1949; Stewart and Young 1939). Although young and 
green B. tectorum plants represent an important source of forage, palatability decreases as 
plants senesce (Reid 1942). As palatability decreases, biomass accumulates and becomes fine 
fuels that ignite quickly because of its low moisture content and can spread fire over large areas 
(Billings 1990; D'Antonio and Vitousek 1992; Hunter 1991; Stewart and Hull 1949; Young et al. 
1987).  
After wildfires, B. tectorum outcompetes native species and becomes the dominant 
species in the community. Once B. tectorum dominates the community, the re-establishment of 
native species is limited, leading to long-term changes in plant community composition (Harris 
1967; Young et al. 1987). Among the adaptations that allow B. tectorum to quickly dominate 
communities after wildfire occurrence is the capacity to grow an extensive root system, which 
allows the species to outcompete neighbors for soil water (Melgoza and Nowak 1991). Wildfires 
not only open new spaces for the species to colonize (by the removal of standing biomass), but 
also change soil nutrient availability. After wildfires, nutrient availability increases because of 
nutrient-rich ash deposition and the combustion of organic matter, which releases phosphorus 
and ammonium (Blank et al. 1994; Blank et al. 1996; Rau et al. 2007; Rau et al. 2008; Stubbs 
and Pyke 2005). 
An increase in nitrogen availability can benefit the establishment and success of invasive 
species (Ehrenfeld 2003; Norton et al. 2007; Sperry et al. 2006). In the case of Bromus tectorum, 
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both growth and competitive ability have a positive response to increases in nitrogen 
availability (Concilio and Loik 2013; He et al. 2011; Kay and Evans 1965; Vasquez et al. 2008; 
Wilson et al. 1966). Under high nitrogen and high phosphorus conditions, B. tectorum can 
outcompete seedlings of native species (Humphrey and Schupp 2004; Miller et al. 2006; 
Monaco et al. 2003). Nevertheless, mechanisms by which an increase in nitrogen availability 
improves performance of B. tectorum remain poorly understood (Vasquez et al. 2008).  
1.4 Photosynthesis models 
Plant primary productivity, which is directly liked to photosynthetic carbon assimilation, 
is an important component of ecological research (Beyschlag and Ryel 1998). Additionally, 
understanding how assimilation rate responds to different environmental factors is important 
to describe and predict plant performance in natural and agricultural systems (Johnson et al. 
1989).  
As mentioned previously, photosynthetic carbon assimilation rate depends on 
interactions among environmental factors and plant biochemical processes. Because of the 
complexity of these interactions, observing how photosynthesis responds to any single factor 
provides an incomplete understanding of the assimilation response. Thus, it is difficult to 
capture the effects of multiple factors on assimilation rate by experimental means alone 
(Johnson et al. 1989).  
Mathematical models provide an alternative approach to evaluate how multiple factors 
and their interactions affect assimilation rate. Several models have been developed, and they 
can be divided in two main categories: empirical and mechanistic models (Beyschlag and Ryel 
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1998). On the one hand, empirical models describe the observed relationships among data 
without regard to the biological theory or mechanisms leading to such response (Thornley and 
Johnson 1990). One example of an empirical photosynthesis model is the one developed by 
Thornley and Johnson (1990), which describes photosynthesis in response to quantum yield 
efficiency and incident radiation. On the other hand, mechanistic models are based in a deeper 
understanding of underlying mechanisms and theory that lead to an observed response. One of 
the most widely used mechanistic models of photosynthesis estimates assimilation rate in 
response to RUBISCO activity rate (Farquhar et al. 1980).  
1.5 Assimilation rate at the landscape level 
Assimilation rate estimation and plant responses to environmental factors over large 
areas are considered important pieces of information in agricultural systems (Gary et al. 1998) 
and in natural environments. However, assimilation rate estimation at landscape level is more 
complex than leaf level estimations because of the non-linear dependencies between 
environmental factors and assimilation rate (Friend 2001) as well as the variability that exists 
due to canopy structure variation. Therefore, different approaches need to be considered.  
Models used to estimate assimilation rate at the canopy level can be classified as either 
multilayer or big-leaf models. Multilayer models estimate the response from distinct canopy 
layers (defined by structure or light extinction) and then integrate the layers to predict a total 
canopy response (Leuning et al. 1995). Multilayer models assume homogeneity within each 
layer, but their strength comes from using different layers to capture spatial variability. Big-leaf 
models combine canopy properties and assume the canopy to be a single, homogeneous layer 
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to calculate photosynthetic response. Therefore, big-leaf models use fewer parameters, which 
makes them more economical in computing power (Dai et al. 2004) and more desirable when 
large spatial scales are considered (Raulier et al. 1999; Sinclair et al. 1976). Understanding how 
assimilation rate varies across the landscape is important not only as a method to estimate 
productivity but also to determine the distribution of species across the landscape. 
Species distribution has always been a basic interest of ecology (Brooks et al. 2004). 
Early research on species distribution was based on climatic variables alone (Huntley et al. 
1995; Sykes et al. 1996). In addition, climate is considered the most important factor for 
predicting species distribution at continental and regional scales (Guisan and Thuiller 2005; 
Pearson and Dawson 2003). Bioclimatic Envelope Models (BEM) are often used to determine 
the distribution of species. These models are based on the observed relationships between 
where the species is found and climate variables of those locations (Bradley 2009). Therefore, 
this correlative approach tends to be limited to the current distribution (realized niche) of the 
species, which is only a fraction of the potential distribution (fundamental niche) of that same 
species (Jiménez-Valverde et al. 2008). Another limitation of BEMs is the assumption that a 
species will be present as long as the factors defining the envelope are met. This assumption 
does not consider how local processes affect current and future abundance of the species. At 
the same time, BEMs fail to consider biological processes such as competition, dispersal, and 
nutrient use. However, process-based models are scarce (Jeltsch et al. 2008). 
To improve species distribution forecasts, we need a mechanistic understanding of the 
processes that define the development and survival of the species in the environment 
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(Monahan and Hijmans 2008). Furthermore, mechanistic distribution models provide more 
confidence when extrapolated to novel conditions (Kearney 2006), a valuable tool in the study 
of processes like ecosystem restoration, biological invasion, and the effects of climate change 
on species distribution. 
Ecosystem restoration has become an important component of ecological research. 
Traditional ecological efforts use ecological history to restore degraded ecosystems (Jackson 
and Hobbs 2009). However, as environments change, species responses to the environment 
could also change. Therefore, understanding the climatic tolerance of a species would improve 
the outcome of restoration efforts (Harris et al. 2006). 
Biological invasions and climate change are considered major threats to biodiversity 
(Thomas et al. 2004; Vitousek et al. 1996). Additionally, managing invasive species has profound 
economic impacts derived from prevention and remediation (Holmes et al. 2009; Pimentel et al. 
2000; Pimentel et al. 2005). Therefore, understanding patterns of distribution of invasive 
species is a topic of major importance in ecological and conservation biology research. 
However, long-term strategies to manage invasive species should consider the effects of 
climate change (Bradley et al. 2010) 
Previous studies have argued that models derived from controlled greenhouse 
experiments and based on fundamental responses of a species to its environment (e.g. 
physiological responses) could lead to more realistic predictions about species distribution 
(Guisan and Thuiller 2005; Hijmans and Graham 2006). Understanding how environmental 
factors affect physiological responses, such as assimilation rate, could be useful for selection of 
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more biologically meaningful variables to improve species distribution models (Austin 2007). 
Furthermore, a mechanistic understanding about environmental effects on the physiological 
response of a species would also increase our understanding about the constraints that limit 
the distribution of that species (Bernardo and Spotila 2006). Achieving more realistic 
predictions for the distribution of species becomes particularly important when we are 
concerned with conservation biology and climate change research (Guisan and Thuiller 2005). 
For invasive species such as B. tectorum that have shown potential changes to their distribution 
range in response to climate change (Bradley et al. 2009), distribution models that include 
physiological responses to the environment could potentially improve range prediction and 
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Abstract 
In the Great Basin of Western North America, nitrogen often is the second most limiting 
resource for plant growth after water. However, nitrogen availability increases after certain 
environmental disturbances, which benefits invasive species such as Bromus tectorum. We 
evaluated productivity (total biomass, total number of tillers, and total number of leaves) and 
photosynthetic rate of greenhouse-grown B. tectorum in response to seven nitrogen 
treatments (1 -16 mM). Productivity was higher in plants grown at higher nitrogen 
concentrations, although total biomass and number of tillers were not significantly different 
among nitrogen treatments greater than 8 mM. However, total number of leaves, nitrogen pool 
size, and mean plant nitrogen content continued to increase with nitrogen treatment. 
Additionally, photosynthetic rate was positively and linearly related to leaf nitrogen content. 
These results suggested that under low-nitrogen conditions, an increase in nitrogen availability 
increases both assimilation and biomass production in B. tectorum. Under high-nitrogen 
conditions, an increase in nitrogen availability continued to increase nitrogen allocation 
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towards assimilation but not towards increasing biomass production. We speculate that those 
photosynthates not used for additional biomass production in plants grown in high nitrogen 
treatments could possibly be used in respiration or invested to increase reproductive output 
 
2.1 Introduction 
Plants allocate resources, those acquired from the environment and those produced via 
photosynthesis, to functions such as growth, reproduction, and defenses (Bazzaz 1997; Bazzaz 
et al. 1987; Chapin et al. 1990). Resource allocation patterns vary among species, growth form 
and length of life cycle (e.g. annuals vs. perennials). Short lived species typically allocate more 
resources towards reproduction, whereas long lived ones typically allocate more resources 
towards vegetative growth in order to survive multiple growing seasons (Grime and Hunt 1975). 
Additionally, the microsite where plants grow and the availability of specific resources affect 
resource allocation. For example, under low nutrient availability, plants allocate more resources 
towards root production to extract limiting nutrients from soils (Tilman 1988). Allocation 
patterns ultimately affect the ability of a species to acquire resources in order to succeed in a 
specific environment (Knops and Reinhart 2000). However, plants are often confronted with 
allocation trade-offs. For example, plants can allocate resources to maintain high 
photosynthetic assimilation rates for short periods of time, or towards development of 
structural components that increase lifespan of leaves at the expense of lower photosynthetic 
assimilation rates (Reich 1993; Reich et al. 1991; Reich et al. 1997). Therefore, it is important to 
understand how plants allocate nutrients such as nitrogen.  
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Nitrogen accounts for up to 5% of total plant biomass (Marschner 2012). In C3 plants, 
about 75% of plant nitrogen is invested into chloroplasts, and about 1/3 of that amount of 
nitrogen is invested in production of Ribulose-1,5-bisphosphate carboxylase/oxygenase 
(RUBISCO), the main enzyme involved in photosynthetic carbon assimilation (Chapin et al. 1987; 
Sage et al. 1987). Additionally, an increase in nitrogen content leads to increased chlorophyll 
and RUBISCO content, which results in increased light capture capacity (Palmroth et al. 2014). 
Therefore, a positive relationship between leaf nitrogen content and photosynthetic rate has 
been observed in many different plant species (Cheng et al. 2009; Evans 1989a; Evans 1989b; 
Makino and Osmond 1991). 
Specific leaf area (leaf area to leaf mass ratio, SLA) provides an estimate of the 
allocation pattern of leaves, and it closely correlates to relative growth rate (Ceulemans 1989; 
Garnier 1992; Lambers et al. 2008; Reich et al. 1997). Across different ecosystems, SLA is 
positively related to leaf nitrogen content (Reich and Walters 1994; Reich et al. 1997). Plants 
with low SLA invest resources into structural components to produce leaves that are thicker, 
denser, and more resistant to physical damage, but these plants typically have lower relative 
growth rates (Evans and Poorter 2001; Reich et al. 1998). In contrast, plants with high SLA have 
thinner or lighter leaves and have higher relative growth rates (Reich et al. 1997). 
Despite the importance of nitrogen for plant function, it is limiting in many ecosystems. 
In the Great Basin, nitrogen is considered the second most limiting resource after water (James 
and Jurinak 1978; Romney et al. 1978; Smith et al. 1997). However, nitrogen availability in the 
landscape often increases after environmental disturbances or in response to anthropogenic 
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activity. Wildfires are a major disturbance in the Great Basin; low intensity fires (< 400 ͦC), which 
are common in the Great Basin, increase available soil nutrients by deposition of nutrient-rich 
ash and by the stimulation of chemical reactions in the soil profile (i.e. thermal denaturation of 
organic matter) that release phosphorus and ammonium into the soil (Blank et al. 1994; Blank 
et al. 1996; Rau et al. 2007; Stubbs and Pyke 2005). Atmospheric deposition of anthropogenic 
nitrogen represents another source of increased nitrogen in different ecosystems. In the 
Western US, atmospheric deposition of nitrogen is not a uniform phenomenon, and it is most 
evident in regions downwind of urban and intensive agricultural areas (Fenn et al. 2003; 
Padgett et al. 1999). 
An increase in available nitrogen can have serious implications for establishment of 
invasive species in many ecosystems. Many native species (in particular perennial species) in 
the Great Basin have low growth rates and are favored by conditions such as low disturbance 
and low nutrient availability (Billings 1990; D'Antonio and Vitousek 1992; Dukes and Mooney 
1999; Morghan and Seastedt 1999; Norton et al. 2007; Vallano et al. 2012). When a plant 
community receives a pulse of resources and those resources are not used by native species, 
invasive species, such as winter annual grasses in the Great Basin, quickly use those resources 
and increase their productivity (D'Antonio and Vitousek 1992; Davis et al. 2000). As a 
consequence of changes in nitrogen availability, interaction and competition patterns among 
plant species can change, which causes changes in plant community composition (Clark and 
Tilman 2008; Korfanta et al. 2015; Wedin and Tilman 1996). 
28 
 
Bromus tectorum is considered the most widely distributed invasive species in the 
Western United States (Mack 1981), and it has spread and colonized more than 220,000 km2 
from North Dakota to Texas and west towards the Pacific Ocean (Duncan et al. 2004). One of 
the stronger impacts of B. tectorum in the Western US is an increase in wildfire frequency 
(D'Antonio and Vitousek 1992; Hunter 1991). Plants mature early in the summer, dry out and 
become fine fuels, which not only quickly ignite and burn but also create a continuous fuel bed 
that can spread fire over large areas (Billings 1990). Because nitrogen availability increases after 
wildfires (Blank et al. 1996; Stubbs and Pyke 2005) and because B. tectorum quickly uses soil 
water after a wildfire (Melgoza et al. 1990), wildfires ultimately benefit the survival of B. 
tectorum in the Great Basin. 
Although previous studies have shown that B. tectorum responds positively to nitrogen 
fertilization, the mechanisms behind that response remain poorly understood (Concilio et al. 
2013; Lowe et al. 2003; Vasquez et al. 2008). We were interested in understanding how 
nitrogen availability affects productivity and photosynthetic response of B. tectorum, and how 
B. tectorum partitions nitrogen between vegetative growth and photosynthesis. We 
hypothesized two non-mutually exclusive mechanisms that could occur when nitrogen 
availability increases: (i) plants could devote additional nitrogen to biomass production; or (ii) 
additional nitrogen could be invested in increased photosynthetic response per leaf. To test 
whether either of these responses occurred, we grew B. tectorum individuals under controlled 
growing conditions and a wide range of nitrogen concentrations. We then measured plant 
productivity and gas exchange to better understand how B. tectorum allocates nitrogen. 
Additionally, because plants were greenhouse-grown, we were able to maintain stable 
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conditions that allowed us to isolate the effects of nitrogen availability from the effects of 
environmental conditions on productivity and photosynthetic responses of B. tectorum. 
2.2 Methods 
A total of four cohorts of plants were used in this study. A cohort consisted of 15 pots 
for each of seven nitrogen treatments. Five B. tectorum seeds, collected from the Idaho 
National Laboratory in 2008, were sown in each pot (1.6 L capacity) filled with washed sand. 
After germination and thinning, three seedlings were left in each pot. The first three cohorts 
were sown one month apart in 2012: one in January, one in February, and one in March. The 
fourth cohort was sown in October 2012. The gap in time between the third and fourth cohort 
was to avoid the peak of summer when photoperiod and temperature were difficult to control 
in the greenhouse. Plants in each cohort grew for 90 days. 
Individuals of B. tectorum were grown in a greenhouse at the University of Nevada, 
Reno. The greenhouse was kept at 24 ͦC for 14 hours during the day and 11 Cͦ for 10 hours 
during the night, which corresponds to the average maximum and minimum temperatures for 
April through June in Sutcliffe, NV, from 1971 to 2000. Sutcliffe was chosen as reference point 
because of its proximity to a population of B. tectorum used for preliminary data collection and 
because Sutcliffe average temperatures are representative of the northern Nevada portion of 
the Great Basin. 
2.2.1 Nitrogen Treatments 
To test nitrogen effects on B. tectorum, soil available nitrogen was controlled with 
modified Hoagland solutions. Seven nitrogen treatments at six nitrogen levels (1 mM, 2 mM, 4 
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mM, 8 mM, 12 mM, and 16 mM of nitrogen) were evaluated. Each nutrient solution maintained 
a 3:1 ratio of nitrate to ammonium as in the full strength solution, contained equal 
concentrations of micronutrients, and contained equal concentrations of all other 
macronutrients to the extent possible. Changes in phosphorus concentration were unavoidable, 
and it varied from 2 to 4 mM among the different treatments. A seventh treatment, defined as 
8*, was created to test if changes in phosphorus concentration had an effect on either 
productivity or photosynthetic response of B. tectorum. The 8 mM nitrogen treatment had 2 
mM of phosphorus (i.e. concentration in full strength Hoagland) whereas the 8* mM had 4 mM 
of phosphorus (i.e. the maximum concentration among all treatments).  
Plants were fertigated (watered with a fertilizer solution) three times per week with 400 
mL of nutrient solution each time. Fertigation frequency was aimed to reduce major 
fluctuations in  soil nutrient content. Fertigation volume was estimated from the difference in 
weight between a pot filled with dry sand and the same pot after it was saturated with water 
and drained. To prevent salt accumulation, pots were flooded with water and drained each 
time immediately before fertigation. 
2.2.2 Ecophysiological Measurements 
One month after leaf emergence, in situ gas exchange measurements were taken with a 
LICOR 6400 gas exchange system (LI-6400; LI-COR Biosciences, Nebraska, USA). Instantaneous 
measurements were taken twice a week on the day after fertigation until plants were harvested 
(three months after germination). All measurements were on a per area basis. Leaf area 
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(assumed to be rectangular) was calculated with a caliper to measure the width of each leaf 
blade and a length equal to 60 mm (i.e. length of the leaf chamber of the LI-6400). 
Instantaneous measurements of CO2 assimilation were taken on two newly expanded 
leaves from two randomly selected pots per treatment for a total of 14 instantaneous 
measurements per day. Measurements were taken at saturating photosynthetic active 
radiation (PAR; 1200 μmol m-2 s-1), external CO2 concentration of 380 μmol CO2 mol-1, and leaf 
temperature of 25 ͦC. To directly relate assimilation rate to leaf nitrogen content, leaves used 
for each gas exchange measurement were harvested and leaf nitrogen content was measured 
with a Costech ECS 4010 CHN analyzer (Valencia, CA).  
Specific leaf area (SLA) was calculated from samples collected from cohorts 1, 2, and 4. 
Three leaves were collected from each plant per pot (approximately ten pots were selected per 
cohort): a young leaf (newest leaf on the plant, approximately one month after emergence), a 
mature leaf (a fully expanded leaf, approximately two months old), and one old leaf (a leaf from 
the base of the plant showing signs of senescence on the tip of the leaf and approximately 
three months old). The area of each leaf was measured with a leaf scanner (LI-COR Biosciences, 
Nebraska, USA). Dry weight was obtained after three days in the oven at 60 ͦC to ensure all 
water had evaporated from the samples. In order to relate SLA to leaf nitrogen content, dry 
leaves were ground and nitrogen content was obtained with a Costech ECS 4010 CHN analyzer 
(Valencia, CA). 
Three months after germination, above-ground tissues (leaves and tillers) were 
harvested and dried at 60 ͦC for three days. Once dried, samples were used to measure 
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productivity of each cohort using three different metrics: total number of leaves, total number 
of tillers, and total aboveground biomass. Leaves that were previously harvested after being 
used for instantaneous gas exchange were added to the corresponding sample total to 
determine total number of leaves per plant and total plant biomass. Post-harvest fungal growth 
on some plants in the third cohort made samples unusable for productivity measurements, and 
reduced the number of available samples. After productivity measurements were taken, leaves 
and tillers were ground and used for nitrogen content analysis with a Costech ECS 4010 CHN 
analyzer (Valencia, Ca). 
 
2.2.3 Statistical Analyses 
Effects of nitrogen treatment on productivity of B. tectorum (measured as number of 
tillers, number of leaves, and total aboveground biomass) were evaluated with a one way 
analysis of variance (ANOVA) with nitrogen treatment as independent variable and productivity 
measures (number of leaves, number of tiller, total aboveground biomass) as dependent 
variables. Plant cohort was used as a random block variable in order to decrease experimental 
error on the desired experimental treatment (nitrogen treatment) (Gomez and Gomez 1984). 
The number of observations per treatment was 47, 47, 46, 49, 48, 46, and 49 for the 1, 2, 4, 8, 
8*, 12, and 16 mM treatments respectively.  
A one-way ANOVA was used to test nitrogen treatment and plant cohort (as a random 
blocking factor) effects on plant nitrogen pool size and mean plant nitrogen content of B. 
tectorum. Because not all samples used for productivity analysis were used for nitrogen content 
33 
 
analysis, the total number of samples was lower. The number of observations per treatment 
was 13, 18, 20, 17, 18, 17, and 22 for the 1, 2, 4, 8, 8*, 12, and 16 mM treatments respectively. 
To evaluate how nitrogen allocation changed with leaf age, we measured how SLA 
changed in response to nitrogen treatment and leaf age. An analysis of covariance was 
performed with leaf age as a covariate with three levels: young, mature, and old, as previously 
explained. Ten samples were collected from cohorts 1, 2, and 4. The final number of 
observations per treatment was 27, 30, 27, 30, 30, 30, and 29 for the 1, 2, 4, 8, 8*, 12, and 16 
mM treatments respectively. 
Two different approaches were used to evaluate how nitrogen affected photosynthetic 
assimilation rate of B. tectorum. First, a one-way ANOVA was used to compare instantaneous 
measurements of assimilation rate among different nitrogen treatments. Similar to the 
productivity analysis, plant cohort was used as a blocking factor. The number of observations 
per treatment was 238, 243, 241, 240, 245, 246, and 248 for the 1, 2, 4, 8, 8*, 12, and 16 mM 
treatments respectively. A second approach was a linear regression model between leaf 
nitrogen content and assimilation rate. Nitrogen treatment was used as a covariate in order to 
test if the relationship between leaf nitrogen content and assimilation rate varied across the 
different nitrogen treatments. A multiple comparison was done using the glht function in the 
multcomp package in R (Hothorn et al. 2008) was used to perform pairwise comparisons after 
the ANCOVA test for effects of leaf nitrogen content and nitrogen treatment on the 
instantaneous assimilation rate. The number of observations per treatment was 10, 15, 16, 12, 
14, 12, and 15 for the 1, 2, 4, 8, 8*, 12, and 16 mM treatments respectively. 
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To meet assumptions for ANOVAs, data were transformed using the Box-Cox method 
(Quinn and Keough 2002; Sokal and Rohlf 1995) with the boxcox function in the MASS package 
in R (Venables and Ripley 2002). Unless otherwise indicated, all analyses of variance and 
covariance were performed in R (R Core Team 2015). Tukey’s honest significant difference 
(HSD) test at a significance level of 5% was done with the agricolae package in R (de Mendiburu 
2014) for post-hoc comparisons of all blocked analysis of variance. 
2.3 Results  
2.3.1 Effects of nitrogen on B. tectorum productivity 
Nitrogen treatment and cohort had significant effects on B. tectorum productivity 
measured as total number of leaves, total number of tillers, and total aboveground biomass 
(Table 2.1, Fig. 2.1). Total number of leaves increased with nitrogen treatments between 1 and 
8 mM of nitrogen (Fig. 2.1A). No significant difference was found in total number of leaves of 
plants grown in the 8 mM (2 mM of phosphorus), 8* mM (4 mM of phosphorus), and 12 mM 
treatments. Number of leaves was significantly higher in plants grown in the 16 mM treatment 
than in plants grown in the 8 mM treatment, but no significant difference was found among the 
8*, 12 and 16 mM treatments. Total number of tillers and total biomass increased with nitrogen 
treatment between 1 and 8 mM of nitrogen (Fig. 2.1B, C). However, no significant difference 
was found in the number of tillers and total biomass in nitrogen treatments greater than 8mM. 
Nitrogen pool size (i.e. product between biomass and nitrogen content) was significantly 
affected by nitrogen treatment (Table 2.1). Nitrogen pool size increased in response to nitrogen 
treatment (Fig. 2.2A). Plants grown with 8 mM had a slightly (but significantly) greater nitrogen 
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pool size than plants grown in the 8* mM treatment. Additionally, nitrogen treatment also had 
a significant effect on mean plant nitrogen content (measured from pooled samples of leaves 
and tillers, Table 2.1). Plant nitrogen content was lowest in plants grown in the lower three 
nitrogen treatments (1, 2, and 4 mM; Fig. 2.2B), with no significant differences between these 
three treatments. Plants grown with 8 mM of nitrogen had intermediate values of plant 
nitrogen content. No significant differences were found between the 8 mM (low phosphorus) 
and the 8* mM (high phosphorus) treatments. Plant nitrogen content was significantly higher in 
plants grown in 12 mM and 16 mM nitrogen, with no significant differences found between 
these two treatments. 
Specific leaf area of B. tectorum was also significantly affected by nitrogen treatment 
(Table 2.1). SLA was lowest in plants grown in the lowest two nitrogen treatments (1 and 2 mM; 
Fig. 2.2C) with no significant differences between these two treatments. Intermediate values of 
SLA were found in plants that grew in nitrogen treatments between 4 and 12 mM with no 
significant differences among these treatments. SLA was highest in plants grown in the 16 mM 
nitrogen treatment, but no significant differences were found between the 12 and 16 mM 
treatments.  
Both leaf nitrogen content and leaf age also had significant effects on SLA of B. tectorum 
(Table 2.2A and Fig. 2.3A). We found a positive and significant linear relationship between leaf 
nitrogen content and SLA. However, no significant interaction term was found between leaf 
nitrogen content and leaf age (Table 2.2A), which indicates that the slopes of the regression 
lines between leaf nitrogen content and SLA were similar among the three leaf age classes 
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(young, mature, and old; Table 2.2B). A significant effect of leaf age (Table 2.2A) indicated that 
the intercepts of the three regression lines differed. Young leaves had higher SLA than both 
mature and old leaves across the range of observed leaf nitrogen contents (Table 2.2B). 
2.3.2 Effects of nitrogen on photosynthetic response of B. tectorum 
Nitrogen treatment had a significant effect on mean assimilation rate of B. tectorum 
(Table 2.3; Fig. 2.2D). Photosynthetic assimilation rate also was positively correlated with leaf 
nitrogen content (Fig. 2.3B). A significant interaction between leaf nitrogen content and 
nitrogen treatment (Leaf N: Treatment; Table 2.4A) indicates that nitrogen treatment affected 
the relationship between leaf nitrogen content and assimilation rate of B. tectorum. However, a 
pairwise comparison of the slope of the relationships between leaf nitrogen content and 
assimilation rate across nitrogen treatments indicated that the only difference in slopes was 
between treatments 4 and 16 mM (p = 0.018, Table 2.4B). Because only a single significant 
difference was found, the effect of nitrogen treatment on the relationship between leaf 
nitrogen content and assimilation rate was considered as uniform across the majority 
treatments.  
2.4 Discussion  
In this study, all three productivity metrics, i.e. number of leaves, number of tillers, and 
total aboveground biomass, increased in response to nitrogen. However, no significant 
differences were found in number of tillers or total biomass among nitrogen treatments ≥ 8 
mM (Fig. 2.1B, C). Such a response suggested that plants grown under high nitrogen availability 
reached a maximum in productivity. Physical limitations imposed by the pot to the root system 
37 
 
may increase intraspecific competition, which could explain the observed plateau in total 
biomass (Fig. 2.1C). However, we tried to minimize such limitations by frequently flushing 
accumulated salts and replenishing nutrients. The positive response of B. tectorum to nitrogen 
fertilization has also been observed in other studies. In a greenhouse study, B. tectorum 
showed increased biomass production and increased competitive effects on native species in 
response to nitrogen fertilization (He et al., 2011). In a common garden experiment, B. 
tectorum showed increased biomass production, increased assimilation rate, and increased leaf 
area ratio in response to increased nitrogen availability (James, 2008). In a cultivated field 
experiment, B. tectorum biomass production and competitive effects of B. tectorum on a native 
species (Elymus elymoides) increased in response to nitrogen fertilization (Stevens et al., 2014). 
In field experiments, increased nitrogen availability from ammonium sulfate fertilization lead to 
increased B. tectorum ground cover in northeastern California (Kay and Evans, 1965) and 
southeastern Washington (Wilson et al., 1966). Despite evidence of positive responses of B. 
tectorum to nitrogen fertilization, we observed a plateau in total biomass production in 
response to high nitrogen availability that has not been previously reported, possibly because in 
this study we used nitrogen concentrations larger than what naturally occurs under field 
conditions in the Great Basin. 
Plant cohort had a significant effect on the productivity response of B. tectorum (Table 
2.1). In the present study, cohort was used as a random blocking factor in order to decrease 
experimental error on nitrogen treatment (i.e. desired experimental treatment). A significant 
cohort effect suggested that productivity of B. tectorum grown under controlled temperature 
conditions responded to changes in day length. In addition, an increase in number of leaves 
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without an increase in total biomass (Fig. 2.1) suggested an increase in leaf turnover rate as a 
mechanism to avoid self-shading. Both of these results suggested that under our greenhouse 
conditions, light was a limiting factor for plants grown under high nitrogen. 
Using the two 8 mM nitrogen treatments, we evaluated the effects of phosphorus on 
productivity and assimilation rate of B. tectorum grown under different nitrogen treatments. 
We found no significant differences between 8 mM (2 mM phosphorus) and 8* mM (4 mM 
phosphorus) in terms of productivity measurements (Fig. 2.1), mean plant nitrogen content 
(Fig. 2.2B), SLA (Fig. 2.2C), or mean assimilation rate (Fig.2.2D). Nevertheless, mean nitrogen 
pool size (Fig. 2.2A) was significantly higher in the 8 mM than in the 8* mM treatment. 
However, a multivariate analysis of variance (MANOVA) indicated no differences among both 
treatments (Wilks’ Lambda=0.71, Approx. F= 1.53, p=0.2). Previous work found that Bromus 
rigidus productivity increased with phosphorus concentration (Asher and Loneragan 1967) until 
it reached a plateau at 5 µM phosphorus, which is lower than the lower phosphorus 
concentration in our study (2 mM). However, we did not expect significant differences in 
productivity or assimilation between both 8 mM treatments because phosphorus was not a 
limiting factor. The lowest phosphorus concentration among all treatments was 2 mM, which 
corresponds to the phosphorus concentration in full strength Hoagland solution, which in turn 
is designed to provide adequate amounts of all plant required nutrients. A phosphorus 
concentration > 2 mM represents an excess of phosphorus, but we found no prior reports of 
negative impacts of high phosphorus availability on B. tectorum. 
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Notably different from the productivity response of B. tectorum, mean nitrogen pool 
size and mean plant nitrogen content increased in response to all nitrogen treatments (Fig. 
2.2A, B). In other words, nitrogen content in the existing aboveground biomass continued to 
increase in response to increased nitrogen availability. This increase in nitrogen content in 
existing biomass is a particularly important finding, because higher nitrogen content in existing 
biomass could lead to higher assimilation rates and increased photosynthate production (Evans, 
1989a; Evans, 1989b; Poorter and Evans 1998; Sage and Pearcy 1987; Sage et al. 1987).  
Indeed, assimilation rate of B. tectorum increased in response to nitrogen availability. 
The positive response of assimilation rate to nitrogen availability has been observed in many 
different species (Bloomfield et al. 2014; Evans 1989b, Yoshida and Coronel 1976; Rawson and 
Hackett 1974) regardless of it being expressed in a per area or per mass basis (Lloyd et al. 2013; 
Wright et al. 2004). This response has been attributed to an increase in production of proteins 
related to the photosynthetic apparatus (e.g., RUBISCO) and to an increase in photosynthetic 
pigments content (Björkman 1981; Evans 1989b; Field and Mooney 1986). 
Higher biomass production would increase fuel loads, thus increasing chances for 
wildfire occurrence (D'Antonio and Vitousek 1992). More frequent wildfires favor B. tectorum, 
as a positive feedback loop occurs between biomass production (i.e. increased fuel loads) and 
wildfire occurrence, leading to even larger impacts to native flora and wildlife communities 
(Crawford et al. 2004; Stewart and Hull 1949; Sveum et al. 1998). 
Another interesting result from this study was that assimilation rate continued to 
increase with nitrogen treatment and leaf nitrogen content (Fig. 2.2D, 2.3B; Table 2.4A), even 
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after the plants reached a maximum of biomass production at nitrogen treatments greater than 
8 mM. Such a response suggested that as nitrogen availability continues to increase, nitrogen 
allocation towards assimilation also continues, even though additional photosynthate allocation 
towards above ground biomass productivity does not occur. Alternatively, photosynthates may 
be allocated to produce root or reproductive structures. However, previous studies have found 
that under conditions of high resource availability, multiple plant species (including B. 
tectorum) decrease resource allocation towards root production (Chapin 1980; Christie and 
Moorby 1975; Dakheel et al. 1993; Monaco et al. 2003). Increased assimilation rate in response 
to nitrogen availability would also increase seed availability and propagule pressure in areas 
where the invasion front of B. tectorum is currently limited. Thus, we presume that under high 
nitrogen conditions, B. tectorum most likely will increase allocation of resources towards 
reproductive structures. Although we ended the experiment prior to the reproductive stage, 
previous work has found a positive relationship between biomass production and seed output 
(Goergen et al. 2011).  
We found a positive relationship between leaf nitrogen content and SLA in B. tectorum 
(Fig. 2.2C). This relationship indicated a decrease in leaf mass per unit of leaf area in response 
to increased nitrogen availability. In other species and other ecosystems, an increase in leaf 
nitrogen content has also been related to an increase in SLA (Kazakou et al. 2007; Knops and 
Reinhart 2000; Messier et al. 2010; Reich and Walters 1994; Taub 2002) as a mean to increase 
photosynthetic surfaces and ultimately increase photosynthetic potential (Reich et al. 1997). In 
the case of annual species like B. tectorum, high SLA under high nitrogen conditions (e.g. shortly 
after a wildfire) would also allow the species to quickly use available resources for fast growth 
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of more photosynthetic surface in order to occupy open spaces, giving these annual species an 
advantage over native species with low growth rates (Stewart and Hull 1949; Grime and Hunt 
1975).  
Furthermore, the rate of change in SLA in response to leaf nitrogen content was not 
different among the three leaf age groups (Fig. 2.3A). Nonetheless, young leaves (those 
collected one month after emergence) had higher SLA than leaves collected two and three 
months after emergence, as indicated by the higher intercept of the regression line (Table 
2.2A). A decrease in SLA with leaf age has been previously reported in other species (Reich 
1993; Reich et al. 1991). This response supports the idea that plants continue to invest 
resources in existing leaves after leaves have fully expanded, thus increasing the biomass of 
those leaves and hence decreasing their SLA (Mooney and Gulmon 1982).  
The geographic range of B. tectorum is likely to change in the future, not only as a 
consequence of the increased disturbances, but also in response to climate change (Bradley et 
al. 2009). As B. tectorum reaches new areas, it could induce changes to the ecosystem, 
including changes to soil properties (Blank et al. 2013, Perkins and Nowak 2012), water fluxes 
(Wilcox et al. 2012), and nutrient cycling (Rau et al. 2011), possibly creating additional positive 
feedbacks that could favor future invasion and create other negative impacts to the ecosystem 
(Rimer and Evans 2006). With range expansion, B. tectorum may encounter new nitrogen-rich 
areas. Based on our results, limiting the establishment of the species in those areas would be of 
great importance. Additionally, management of nitrogen loads in the ecosystem by restoring a 
more conservative nitrogen cycle would help manage the expansion and decrease the 
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competitive advantage of B. tectorum to new areas (Blumenthal et al. 2003; Brunson et al. 
2010; Norton et al. 2007). 
In summary, we hypothesized that B. tectorum could use two non-mutually exclusive 
mechanisms in response to higher nitrogen availability. B. tectorum could devote extra nitrogen 
to biomass production, or the extra nitrogen could be invested in the photosynthetic machinery 
of existing biomass. Our results indicated that B. tectorum allocated nitrogen to both biomass 
production and assimilation rate. However, as nitrogen availability increased, allocation 
towards the photosynthetic machinery of existing leaves continued to occur as evidenced by an 
increase in assimilation rate without a concomitant increase in biomass production. To 
understand which biochemical mechanism drives the increase in photosynthetic assimilation 
rate, future research would benefit from studying how nitrogen is distributed between 
photosynthetic pigments and photosynthetic proteins in B. tectorum. More specifically, it would 
be useful to determine if B. tectorum invests nitrogen in the production of more chlorophyll or 
more RUBISCO to better explain the increase in photosynthetic rate in response to nitrogen. 
Finally, our observations were derived from greenhouse experiments that do not completely 
reflect the responses of the species under field conditions. Future research relating our findings 
about the physiological response of B. tectorum to the prevailing environmental conditions in 
the Great Basin would increase our understanding of how changes in the distribution of soil 
nitrogen affect the distribution of the species on the landscape. 
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Table 2.1: Summary table of analysis of variance of the effects of nitrogen treatment on 
productivity (number of tillers, number of leaves, and total biomass), nitrogen pool size, 
plant nitrogen content, and specific leaf area of B. tectorum, using cohort as a blocking 
factor 
 Source df MS F   p 
Number of 
leaves 
Cohort 3 0.05 5.92 <0.001 
Treatment 6 0.87 100.97 <0.001 
Residuals 322 <0.01 -- -- 
Number of 
tillers 
Cohort 3 0.20 9.19 <0.001 
Treatment 6 1.46 68.73 <0.001 
Residuals 322 0.02 -- -- 
Total 
biomass 
Cohort 3 0.45 6.53 <0.001 
Treatment 6 7.30 105.35 <0.001 
Residuals 322 0.07 -- -- 
      
Nitrogen 
pool size 
Cohort 3 18.10 
 
3.31 0.02 
Treatment 6 11071.89 2027.15 <0.001 








Treatment 6 31.58 36.65 <0.001 
Residuals 115 0.89 -- -- 
Specific leaf 
area 
Cohort 3 12.16 0.43 0.73 
Treatment 6 382.05 13.61 <0.001 





Table 2.2: Effects of leaf age and leaf nitrogen content on the specific leaf area of B. 
tectorum individuals grown in different nitrogen treatments. 
 
A: Summary of the analysis of covariance of specific leaf area in response to leaf nitrogen 
content and leaf age in B. tectorum. 
  
Source df MS F p 
Leaf N 1 8893473 995.70 <0.001 
Age 2 986105 110.40 <0.001 
Leaf N : Age 2 10143 1.14 0.3233 
Residuals 197 8932 -- -- 
 
B: Regression coefficients (intercept and slope) and adjusted coefficients of determination 
(R2adj) for the relationship between leaf nitrogen content and the specific leaf area by leaf age 
group for B. tectorum individuals grown in different nitrogen treatments. All parameters are 
significantly different from zero with a p <0.001. 
Age Intercept Slope R2adj 
Young 389.11 166.77 0.83 
Mature 243.52 149.57 0.65 
Old 241.03 146.30 0.83 
 
Table 2.3: Analysis of variance for assimilation rate in response to nitrogen treatment 
for B. tectorum individuals 
 
Source df MS F p 
Cohort 3 0.09 1.11 0.34 
Treatment 6 54.82 671.91 <0.001 





Table 2.4: Effects of leaf nitrogen content on the assimilation rate of B. tectorum 
individuals grown in different nitrogen treatments 
A: Summary table for the analysis of covariance of assimilation rate of B. tectorum individuals in 
response to leaf nitrogen content, and the nitrogen treatment in which individuals were grown. 
 
Source df MS F p 
Leaf N 1 7351.2 1859.26 <0.001 
Treatment 6 15 3.74 0.002 
Leaf N: Treatment 6 10 2.45 0.03 
Residuals 80 4 -- -- 
 
B: Post hoc pairwise comparisons of slopes of the regression lines between leaf nitrogen 
content and assimilation rate across the observed nitrogen treatments. Comparisons were 
performed using Tukey’s HSD test with p=0.05. Bold indicates significant differences. 
 
Hypothesis Estimate Standard 
Error 
T p 
2 - 1 =0 0.839 4.181 0.201 1.000 
4 - 1 = 0 5.350 3.714 1.441 0.755 
8 - 1 = 0 -2.211 5.195 -0.425 0.999 
8* - 1 = 0 1.549 4.568 0.339 1.000 
12 - 1 = 0 -0.788 5.137 -0.153 1.000 
16 - 1 = 0 -27.537 10.226 -2.693 0.100 
4 - 2 = 0 4.512 3.064 1.472 0.736 
8 - 2 = 0 -3.049 4.753 -0.642 0.994 
8* - 2 = 0  0.710 4.057 0.175 1.000 
12 - 2 = 0 -1.626 4.689 -0.347 1.000 
16 - 2 = 0 -28.376 10.008 -2.835 0.071 
8 - 4 = 0 -7.561 4.347 -1.739 0.563 
8* - 4 = 0 -3.802 3.574 -1.064 0.928 
12 - 4 = 0 -6.138 4.278 -1.435 0.759 
16 - 4 = 0 -32.888 9.822 -3.348 0.018 
8* - 8 = 0 3.759 5.096 0.738 0.988 
12 - 8 = 0 1.423 5.612 0.254 1.000 
16 - 8 = 0 -25.327 10.473 -2.418 0.184 
12 - 8* = 0 -2.336 5.037 -0.464 0.999 
16 - 8* = 0 -29.086 10.176 -2.858 0.067 





Figure 2.1: Effects of nitrogen treatment on the productivity of B. tectorum: (A) Total 
number of leaves; (B) Total number of tillers; and. (C) Total aboveground biomass per 
treatment. Error bars are standard errors and bars with the same letter are not 




Figure 2.2: Effects of nitrogen treatment on: (A) Mean nitrogen pool size; (B) Mean 
plant nitrogen content; (C) Specific leaf area (SLA); and (D) Mean assimilation rate for 
B. tectorum. Error bars are standard errors and bars with the same letter are not 





Figure 2.3: Effects of leaf nitrogen content on: (A) specific leaf area (SLA) for leaves of 
different ages; and (B) Photosynthetic carbon assimilation rate in B. tectorum grown in 
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Abstract 
We developed a semi-mechanistic multiplicative model to estimate carbon assimilation 
rate of Bromus tectorum, an invasive annual grass with negative impacts in the Great Basin of 
western North America. Independent factors included in the model were leaf nitrogen content 
(Nleaf), temperature, light, and vapor pressure gradient (VPG). To parameterize the model, we 
grew B. tectorum plants in a greenhouse under six different nitrogen treatments, and we 
measured carbon assimilation in response to Nleaf, temperature, light, and VPG. The model was 
evaluated using carbon assimilation rate measured in plants growing in different areas of the 
Great Basin. Results indicated that the model explained 83% of observed variance in carbon 
assimilation rate measured in field B. tectorum plants. An alternative multiplicative model that 
excluded VPG explained a higher amount of variance (86%), but systematically under-predicted 
carbon assimilation rate. The multiplicative model provides a valuable tool to evaluate how 
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complex interactions between environmental factors affect carbon assimilation rate of B. 
tectorum. 
3.1 Introduction 
Bromus tectorum is an invasive annual grass that has large ecological impacts in the 
western United States and currently covers about 40000 km2 in Nevada and Utah alone 
(Bradley and Mustard 2005; Knapp 1996). This invasive species profoundly impacts the Great 
Basin ecosystem (Adair and Burke 2010; Beckstead et al. 2010; Brooks et al. 2004) by negatively 
affecting native plant communities and increasing wildfire frequency (D'Antonio and Vitousek 
1992). More frequent wildfires also benefit B. tectorum because existing plant cover of native 
species is removed and soil nutrient availability increases (Blank et al. 1994). Bromus tectorum 
thrives in frequently burned areas because it quickly develops an extensive root system after 
wildfires to efficiently use soil water (Melgoza and Nowak 1991).  
In many plant species, including B. tectorum, an increase in photosynthetic carbon 
assimilation rate (hereafter referred as assimilation rate) leads to an increase in biomass 
productivity, which is in turn positively correlated to seed output (Goergen et al. 2011). 
Assimilation rates result from complex interactions between plant biochemistry and 
environmental factors such as light, temperature, and water availability (Johnson et al. 1989). 
Because of this complexity, evaluating how assimilation rate responds to any one 
environmental factor provides only a simplified version of how plants respond under natural 
conditions. However, evaluation of how multiple co-occurring factors affect assimilation rate 
can become unpractical because of the complex experimental designs they require. 
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An alternative to experimental approaches is to use models to evaluate and predict how 
different environmental factors and their interactions affect assimilation rate. Several 
approaches to model assimilation rate have been proposed and can be grouped in two main 
categories: (a) mechanistic models that explain observed patterns by understanding the 
processes and mechanisms leading to it; and (b) empirical models that provide a mathematical 
explanation of observed patterns in data without detailed knowledge of the biological theory 
behind such patterns (Thornley and Johnson 1990). 
A widely accepted and often used mechanistic model was developed by Farquhar and 
co-workers (Farquhar et al. 1980; Farquhar et al. 2001; Lenz et al. 2010). This biochemical 
model explains leaf-tissue level assimilation rate based on kinetic properties of ribulose 
bisphosphate carboxylase oxygenase (RUBISCO). However, because this model is based on 
processes that take place at the chloroplast level, extrapolation of results to larger scales is 
often difficult (Flexas et al. 2008; Lenz et al. 2010). Additionally, mechanistic models are often 
difficult to parameterize, and their results are difficult to generalize because the parameters 
needed for the model can be species specific.  
Empirical models are a popular approach because they are easier to parameterize 
(Beyschlag and Ryel 1998) and in many cases do not require prior detailed knowledge of the 
system (Thornley and Johnson 1990). One subgroup of empirical models are multiplicative 
models. These models combine different mathematical functions to explain a phenomenom in 
response to different factors. Multiplicative models to estimate carbon assimilation rate have 
been reported to be sufficient to predict assimilation rate under non-limiting conditions 
60 
 
(Caballe et al. 2011; Peri et al. 2002; Thornley 1998b). Peri et al. (2002) and Caballe et al. (2011) 
used multiplicative models to predict assimilation rate in forage grasses in silvopastoral systems 
in New Zealand and Argentina, respectively. Both of those studies used field observations to 
parameterize and validate their models, and “broken stick” regression analysis to summarize 
the relationship of assimilation rate to a set of environmental factors. Out of these two studies, 
only Peri et al. (2002) included direct measurements of plant nitrogen as a factor in their model, 
and they found a strong positive relationship between leaf nitrogen content (Nleaf) and 
assimilation rate. However, plant nitrogen content was estimated from bulk biomass samples 
and not from leaves used in assimilation measurements. Conversely, Caballe et al. (2011) used 
a non-limiting threshold for Nleaf based on previous field observations in order to avoid 
interactions between low Nleaf and temperature.  
In this study, we develop a semi-mechanistic multiplicative model to estimate 
assimilation rate of B. tectorum in response to Nleaf, light, temperature, and VPG. A semi-
mechanistic model combines mechanistic knowledge with empirically derived functions to 
explain patterns observed in data (Domijan et al. 2006; Te Braake et al. 1999). A major 
advantage of this approach is that empirical functions used in the model are selected based on 
prior mechanistic understanding of the system. Therefore, parameters obtained after those 
functions have been fit to the data are meaningful in the context of the mechanisms that 
explain the observed patterns. We chose a multiplicative model because of its simplicity in 
parameterization and implementation and because it allows us to evaluate how individual 
factors and their interactions affect assimilation rate of B. tectorum. We used information 
derived from greenhouse experiments to predict carbon assimilation rate of natural 
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populations of B. tectorum. We incorporated Nleaf as a key factor in the multiplicative model to 
estimate assimilation rate of B. tectorum not only because nitrogen is the second most limiting 
resource in the Great Basin (James and Jurinak 1978), but also because its availability in the 
landscape increases after environmental disturbances and B. tectorum responds positively to 
nitrogen fertilization (Chapter 2). 
3.2 Methods 
To develop a multiplicative model of assimilation rate in B. tectorum, we evaluated 
assimilation response to Nleaf, temperature, light, and VPG. Nleaf was chosen because of its 
direct relationship to assimilation rate. Temperature was chosen because of its strong influence 
on enzymatic reactions, including those of the photosynthetic machinery. Light, although 
typically not limiting in the Great Basin, was chosen because it is required for photosynthesis to 
take place. Finally, VPG was chosen as a surrogate measurement of the effects of water 
availability on assimilation rate. After model parameterization using data derived from 
greenhouse experiments, the model was validated using an independent dataset of assimilation 
values measured in wild populations of B. tectorum growing in selected field sites in northern 
Nevada (Table 3.1). 
3.2.1 Experimental design  
Four cohorts of B. tectorum plants were grown in a greenhouse at the University of 
Nevada, Reno in 2012. Each cohort consisted of 15 pots (1.6 L capacity, filled with washed sand) 
for each of six nitrogen treatments. In each pot, five B. tectorum seeds were sown, and three 
seedlings were left after germination. Gas exchange measurements began one month after 
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germination and continued every other day until 90 days after germination when plants were 
harvested (Chapter 2).  
3.2.2 Nitrogen treatments 
To evaluate effects of nitrogen availability on the photosynthetic response of B. 
tectorum, we modified Hoagland solutions to obtain six different nitrogen treatments (2 mM, 4 
mM, 8 mM, 8* mM, 12 mM, and 16 mM of nitrogen). Each nitrogen treatment had a 3:1 nitrate 
to ammonium and equal micronutrient concentrations. To the extent possible, macronutrient 
concentration in all treatments was equal to the full strength treatment (16 mM). The one 
exception was phosphorus, whose concentration varied between 2 and 4 mM among the 
different treatments. To test if changes in phosphorus concentration affected assimilation rate 
of B. tectorum, the 8 mM treatment was replicated with two different phosphorus 
concentrations. The 8 mM treatment had 2 mM phosphorus, which is equal to the full strength 
Hoagland solution, whereas the 8* mM had 4 mM phosphorus, the highest phosphorus 
concentration among all treatments. Plants were fertigated every other day with 400 mL of 
nutrient solution. Fertigation frequency and volume were aimed to avoid major changes in soil 
nutrient content. Pots were flooded with water and drained each time before applying nutrient 
solutions to prevent salt accumulation. 
3.2.3 Gas exchange measurements 
Assimilation rate of B. tectorum was evaluated at optimal conditions of leaf 
temperature, light, and VPG in plants grown in different nitrogen treatments. Single leaves 
were used for assimilation measurements using an open flow gas exchange system (Licor Li-
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6400, Lincoln, NE, USA). Measurements in the greenhouse were taken at an external CO2 
concentration of 380 μmol CO2 mol-1, leaf temperature of 25 ͦC, and a photosynthetic active 
radiation (PAR) of 1200 μmol m-2s-1. Once measurements were taken, each leaf was collected 
for nitrogen content analysis.  
Temperature effects on assimilation rate were evaluated by taking assimilation 
measurements at different leaf temperatures. An expanded temperature control kit (LI-6400-
88) was installed to the LI-6400 to increase the range of leaf temperatures. Assimilation was 
measured at 25, 20, 15, 25, 30, 35, and 40 ͦC. Three temperature response curves were done for 
each nitrogen treatment using multiple leaves from the same pot and approximately the same 
age for each temperature response curve. For all measurements, external CO2 concentration 
was set at 380 μmol CO2 mol-1 and light at 1200 μmol PAR m-2s-1. 
Assimilation response to light intensity was evaluated by sequential measurements of 
assimilation at 1000, 750, 500, 100, 50, 0, 1000, 1500, and 2000 μmol m-2 s-1 PAR. 
Measurements were taken using the Li-6400 light response program with a wait time of 180 s 
on PAR intensity and a 3% coefficient of variation. Multiple leaves from the same pot and 
approximately the same age were used for each light response curve. For all measurements, 
external CO2 concentration was kept at 380 ppm, and leaf temperature was held at 25 Cͦ. 
To calculate how VPG affected assimilation rate of B. tectorum, assimilation was 
measures on multiple leaves from the same pot and approximately the same age at vapor 
pressure gradients of 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, and 3.5 kPa. A total of three VPG curves were 
performed for each nitrogen treatment. Variation of VPG was achieved by manually changing 
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air flow rate and humidity inside the LI-6400 chamber. For all measurements, external CO2 
concentration was kept at 380 ppm, leaf temperature was held at 25 ͦC, and light at 1200 μmol 
PAR m-2s-1. However, this method had logistic limitations, and it was not possible to achieve 
VPG greater than 3.5 kPa.  
3.2.4 Field measurements 
To validate the assimilation rate model, assimilation measurements were taken at 22 
different locations of central and northern Nevada in 2012 and 2013 (Table 3.1). We selected B. 
tectorum populations growing in areas that burned between 2010 and 2012 and that had 
access roads. Burned areas were selected in order to have a reference point on when 
vegetation cover was last removed and to have populations of comparable age. The perimeter 
of those wildfires was obtained from the BLM website 
(http://www.blm.gov/nv/st/en/prog/more_programs/geographic_sciences/gis/geospatial_data
.html). Assimilation rate was measured at an external CO2 concentration of 380 μmol CO2 mol-1, 
ambient leaf temperature, and ambient PAR. After gas exchange measurements, leaves were 
collected for leaf nitrogen content analysis. All measurements were taken under clear skies, 
between 7 am and 4 pm. Because of variability among sites, leaf age was not accounted for in 
field measurements, and in some sites, plants had reached grain filling stage. 
3.2.5 Plant nitrogen content analysis 
Leaves used to measure assimilation rate in response to nitrogen content in the greenhouse 
and leaves from field measurements were used to determine Nleaf. Leaf samples were dried at 
60 ͦC for three days and then finely ground using a ball mill. Nitrogen content was estimated 
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using a Costech ECS 4010 CHN analyzer (Valencia, CA; accuracy < 0.2% and precision < 0.1%). 
Leaf samples from light response curves, temperature response curves, and VPG response 
curves were not used for nitrogen analysis because each curve was derived using multiple 
leaves from the same plant and it would not be possible for us to partition the contribution of 
each leaf to the assimilation response. 
3.2.6 Parameterizations 
In a previous study (Chapter 2), we evaluated how Nleaf affected assimilation rate of B. 
tectorum and found that the relationship between assimilation rate and Nleaf can be described 
by a linear model. To parameterize Nleaf effects on assimilation rate of B. tectorum, we 
developed two different functions, one derived from greenhouse-grown plants and another 
from field-grown plants.  
To test how temperature affected assimilation rate of B. tectorum, a second degree 
polynomial (Eq. 1) was fit to assimilation values in response to temperature. The second degree 
polynomial was chosen because it describes the increase in assimilation rate with increasing 
temperature until maximum assimilation is reached at an optimum temperature (Topt) and the 
decrease in assimilation with temperatures greater than Topt. The second degree polynomial 
describes the relationship between assimilation and temperature as follows: 
𝐴 = 𝑎𝑇𝑙𝑒𝑎𝑓
2 + 𝑏𝑇𝑙𝑒𝑎𝑓 + 𝑐   (Eq.1) 
where A represents assimilation rate (µmol m-2 s-1), Tleaf represents leaf temperature, and a, b, 
and c represent coefficients from fitting a second degree polynomial. Effects of nitrogen on 
temperature response curve were evaluated as changes in: (i) maximum assimilation rate, (ii) 
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optimum temperature for photosynthesis, (iii) low temperature compensation point (LTCP), 
and (iv) high temperature compensation point (HTCP). LTCP and HTCP represent the two values 
at which net assimilation rate equals zero and are obtained by solving the second degree 
polynomial. 
To test how light intensity affected the assimilation rate of B. tectorum, a non-rectangular 
hyperbola was fit to the assimilation values obtained from measurements of assimilation rate 
at different light intensities. A non-rectangular hyperbola describes the relationship between 




{αI + Amax − [(αI + Amax)
2 − 4θαIAmax]
1/2}    (Eq. 2) 
where A represents assimilation rate (µmol m-2 s-1), Amax represents maximum assimilation rate 
at saturating PAR, I represents incident radiation (µmol m-2 s-1 PAR), α represents apparent 
quantum yield (µmol mol-1 PAR), and θ (dimensionless) represents the curvature coefficient of 
the relationship between light intensity and assimilation rate (Cannell and Thornley 1998; 
Marshall and Biscoe 1980; Thornley 1998a). Effects of nitrogen on the light response curve 
were evaluated as: (i) changes in apparent quantum yield (i.e., initial slope of the light response 
curve), and (ii) changes in maximum assimilation rate (Amax; assimilation measured at saturating 
light, optimum temperature, and constant concentrations of CO2). We did not consider the 
effects of nitrogen on the curvature coefficient (θ) because this parameter reflects the 
resistance to CO2 diffusion from the environment to the carboxylation site (Thornley and 




To test how VPG affected assimilation rate of B. tectorum, a linear model was fit to data 
obtained from assimilation measurements taken at different VPG values across all nitrogen 
treatments. The linear model described the decrease in assimilation rate in response to 
increasing VPG. Effects of nitrogen treatment on VPG response curve were evaluated as: (i) 
changes in slope, and (ii) changes in intercept. 
 
3.2.7 Multiplicative model development 
A multiplicative model was developed to estimate assimilation rate of B. tectorum in 
response to Nleaf, temperature, light, and VPG in the form: 
𝐴 = 𝑓(𝑁𝑙𝑒𝑎𝑓) ∗ 𝑓(𝑇′) ∗ 𝑓(𝑃𝐴𝑅′) ∗ 𝑓(𝑉𝑃𝐺′)   (Eq. 3) 
where f (Nleaf) represents the linear relationship between assimilation rate and Nleaf. Remaining 
factors in the model: f (T’), f (PAR’), and f (VPG’) represent a standardized relationship between 
assimilation rate and temperature, light, and VPG, respectively. Assimilation response of B. 
tectorum to temperature, light, and VPG was standardized so that all responses could be 
evaluated independent of their magnitude. Standardization was done on a per curve basis, and 
it was achieved by dividing each observation by the maximum value for each curve. After all 
curves were standardized, data were fit as described in the previous section 3.2.6. We also 
examined effects of Nleaf on temperature, light and VPG, but only the intercept and slope of the 
linear regression between VPG were positively related to Nleaf. Therefore, two additional 




The model estimates assimilation rate by calculating the maximum assimilation rate 
based on the linear relationship between assimilation rate and Nleaf. The maximum assimilation 
value is then multiplied by coefficients from the standardized responses to temperature, light, 
and VPG. Therefore, estimated assimilation rate is equal to the maximum assimilation rate 
when all three coefficients equal 1; otherwise maximum assimilation rate is reduced. 
Accuracy of fit parameters of the light response curves and temperature response 
curves were estimated using the ratio between the standard error of the estimates and the 
best fit line (Zar 1999). The multiplicative model was validated with an independent set of 297 
assimilation measurements obtained from field (283 observations) and greenhouse (14) 
observations that were not used in model parameterization and were collected under optimum 
conditions of leaf temperature (25 ͦC), saturating light (1200 µmol m-2 s-1), and VPG < 2 kPa. 
Accuracy of the multiplicative model was estimated using residuals and root mean squared 
error (RMSE=[ ∑ (observed–predicted)2/n)]1/2), and model bias (Bias=(∑(Observed-Predicted)/n). 
3.3 Results 
3.3.1 Effects of nitrogen on assimilation rate of B. tectorum  
Leaf nitrogen content had a significant effect on assimilation rate of field and 
greenhouse-grown B. tectorum plants (Table 3.2). An analysis of covariance, using location 
(field vs. greenhouse) as a covariate, indicated no significant differences between the slopes of 
the relationship between assimilation rate and Nleaf of field and greenhouse-grown plants. 
Although plant assimilation rate positively responded to Nleaf in both groups, field-grown plants 
had a higher intercept than greenhouse-grown plants (Fig. 3.1). 
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Assimilation rate of B. tectorum was affected by leaf temperature in all observed 
nitrogen treatments (Fig. 3.2). Parameters obtained by fitting a second degree polynomial (Eq. 
1) for each nitrogen treatment are shown in Table 3.3. Plants grown in the 2 and 4 mM 
treatments had overall lower assimilation rates than plants grown in higher nitrogen 
treatments (i.e. 8, 8*, 12 and 16 mM). Nitrogen treatment had significant effect on Amax (Table 
3.4 and Fig. 3.3A). Additionally, nitrogen treatment had a significant effect on the optimum 
temperature for photosynthesis (Topt), LTCP, and HTCP (Table 3.4). However, the differences in 
Topt across the observed nitrogen treatments were small, and the only significant differences 
found were between the 8 mM treatments that had the highest Topt, and the 2 and 8* mM 
treatments that had the lowest Topt (Fig. 3.3B). The LTCP showed a tendency to decrease in 
plants grown in high nitrogen treatments (Fig. 3.3C). In contrast, the HTCP was higher in plants 
grown under high nitrogen conditions (Fig. 3.3D). 
Assimilation response to light intensity in B. tectorum was also examined in plants 
grown under different nitrogen treatments (Fig. 3.4). A non-rectangular hyperbola function (Eq. 
2) was fit to estimate apparent quantum yield (α) and Amax. Estimated values of these 
parameters in each nitrogen treatment are summarized in Table 3.5. We evaluated effects of 
nitrogen treatment on apparent quantum yield (i.e. initial slope of the curve) and maximum 
assimilation rate. Nitrogen treatment had no significant effect on apparent quantum yield in B. 
tectorum (Fig. 3.5A and Table 3.6). However, nitrogen treatment had a significant effect on 
maximum assimilation rate of B. tectorum (Fig. 3.5B and Table 3.6). Maximum assimilation rate 
was not significantly different among plants grown in 4, 8, 8*, and 12 mM treatments. 
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Maximum assimilation rate of plants grown in 16 mM nitrogen was higher than that of plants 
grown in 2 and 4 mM but not different than that of plants grown in 8, 8*, and 12 mM. 
Nitrogen treatment had a significant effect on how assimilation rate of B. tectorum 
responded to changes in VPG (Table 3.7). Assimilation rate decreased linearly in response to 
VPG in all observed nitrogen treatments (Fig. 3.6). Plants grown in the 2 and 4 mM treatments 
had overall lower assimilation rates than plants grown in nitrogen treatments greater than 8 
mM. A non-significant interaction term between VPG and nitrogen treatment (Table 3.7) 
indicated that the relationship between assimilation rate and VPG was not affected by nitrogen 
treatment (i.e. equal slopes among all treatments). However, the intercept of the linear 
relationships among treatments were significantly different (Table 3.8). 
3.3.2 Model implementation and validation 
The multiplicative model we developed estimated assimilation rate by first estimating a 
maximum assimilation rate value from the relationship between assimilation rate and Nleaf. 
That value was then multiplied by the coefficients obtained from the standardization of the 
assimilation responses to temperature, light, and VPG. These responses were standardized in 
order to express them all as coefficients ≤1.  
Responses of standardized assimilation rate to temperature, light, and VPG were 
mathematically described using the same functions used with the non-standardized responses. 
A second degree polynomial (Eq. 1) was fit to standardized data of temperature response 
curves (RMSE = 0.08, df= 179; Fig. 3.7A). Standardized assimilation rate (Ass) at leaf temperature 
T is described in Eq. 4: 
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𝑓(𝑇′) = −0.003 𝑇𝑙𝑒𝑎𝑓
2 + 0.115 𝑇𝑙𝑒𝑎𝑓 –  0.47  (Eq. 4) 
Once the assimilation response to temperature was standardized, the low and high 
temperature compensation points were evaluated as functions of leaf nitrogen content. The 
LTCP was not significantly affected by leaf nitrogen content (F1,21=4.08, p=0.06). The HTCP was 
positively related to leaf nitrogen content (F1,21=12.25, p= 0.002). However, HTCP was not 
included as a factor in the multiplicative model because we found no biological evidence 
relating leaf nitrogen content and the high temperature compensation point. 
A non-rectangular hyperbola (Eq. 2) was fit to the standardized light response curves 





{0.003 ∗ 𝐼 + 1.05 − [(0.003 ∗ 𝐼 + 1.05)2 − 4 ∗ 0.56 ∗ 0.003 ∗ 𝐼 ∗ 1.05]1/2}  
            (Eq. 5) 
we found no significant relationships between the apparent quantum yield (α) of the 
standardized light response curves and leaf nitrogen content. Therefore, no additional 
parameter was added to the multiplicative model. 
A linear model was fit to standardized VPG response curves (R2adj=0.75, df= 70; Fig. 
3.7C). Standardized assimilation rate (As) in response to VPG is described in Eq. 6: 
𝑓(𝑉𝑃𝐺 ′) = 𝐼𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡 − 𝑆𝑙𝑜𝑝𝑒 ∗ 𝑉𝑃𝐺  (Eq. 6) 
The slope and intercept of the standardized VPG response curves (f (VPG’)) were linearly 
related to leaf nitrogen content (Table 3.8). These parameters were then included in the 
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multiplicative model. As a result, the slope and intercept of the VPG function in the 
multiplicative model were estimated as function of Nleaf. 
Assimilation rate predicted with the multiplicative model (Eq. 3) showed good 
agreement when compared to assimilation values observed in the field (Fig. 3.8). Assimilation 
rates estimated with the model with VPG (Table 3.9) were higher than assimilation rates 
observed in the field (i.e. Bias > 0). However, the slope of the best fit line between the observed 
and predicted assimilation rate estimated from the model including VPG was not significantly 
different from 1. In contrast, assimilation rates estimated with the model without VPG were 
lower (i.e. Bias < 0) than assimilation rate observed in the field and the best fit line for this 
model had a slope significantly different from 1. Comparison of the RMSE of both models 
showed that the model with VPG had a smaller RMSE (2.37 μmol m-2 s-1) than the model 
without VPG (RMSE=2.66 μmol m-2 s-1), suggesting the values estimated with the model with 
VPG overall were closer to the observed values that those obtained from the model without 
VPG. 
3.4 Discussion 
3.4.1 Nitrogen treatment effects on the photosynthetic response of B. tectorum. 
A positive relationship between Nleaf and assimilation rate has been observed in many 
different species (Cheng et al. 2009; Evans 1989a; Evans 1989b; Makino and Osmond 1991). In 
the case of B. tectorum, this species has shown a positive response to nitrogen fertilization, and 
we previously showed how assimilation rate increases in relation to Nleaf (Chapter 2). In this 
current study, we found that field-grown plants have a higher intercept in their relationship 
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between assimilation rate and Nleaf than greenhouse-grown plants. This difference suggested 
that field-grown plants had higher assimilation rates per leaf nitrogen unit than greenhouse-
grown plants. One reason for this difference in the relationship between Nleaf and assimilation 
rate in field and greenhouse-grown plants could be low light acclimation. Leaves growing under 
high-light condition have higher nitrogen use efficiency (i.e. assimilation rate per Nleaf unit) than 
leaves grown under low-light conditions (Dejong 1982). Additionally, plants grown under high-
light conditions have higher Amax than low-light grown plants (Syvertsen 1984). Furthermore, 
plants grown under low light conditions invest more nitrogen in light capture than in light 
processing (Kumar et al. 2002). Bromus tectorum lower assimilation rates when grown under 
low-light conditions than when grown under full-sun conditions (Pierson et al. 1990), which 
supports the idea of low-light acclimation in greenhouse-grown plants. 
Amax in response to temperature, light, and VPG for plants grown in high nitrogen 
treatments was always higher than that for plants grown in low nitrogen treatments. Such a 
response is in agreement with the increase in assimilation rate in response to Nleaf that has 
been reported across different species and has been explained by the large investment of 
nitrogen into photosynthetic machinery (Evans 1983; Poorter and Evans 1998), particularly into 
the production of RUBISCO and chlorophyll (Chapin et al. 1987; Palmroth et al. 2014; Sage et al. 
1987). Additionally, an increase in nitrogen availability has been related to a higher light 
saturation point and higher maximum assimilation rates in C3 and C4 species (Björkman 1981; 
Harvey 1979; Pons and Pearcy 1994; Sage and Pearcy 1987). In the case of B. tectorum, the 
species has shown a positive response to nitrogen fertilization (Concilio et al. 2013; Vasquez et 
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al. 2008), and in a prior study we have found that assimilation rate increases linearly in 
response to Nleaf (Chapter 2).  
A second degree polynomial closely described changes in assimilation rate in response 
to temperature (Fig. 3.2; Table 3.5). The overall pattern of the temperature response curve 
across all nitrogen treatments is in agreement with other studies of B. tectorum (Rice et al. 
1992). The Topt values we found in this study fall within the range of optimum temperatures for 
assimilation in B. tectorum (25-30) that has been found in other studies (e.g. Rice et al. 1992). 
The decrease in assimilation rate at temperatures greater than Topt has been explained by 
changes to the activation state of RUBISCO, which causes an enzymatic downregulation (Weis 
and Berry, 1988). At low temperatures, assimilation rate decreases mostly due to a decrease in 
electron transport capacity because of increases in membrane viscosity and an overall decrease 
in enzymatic activity (Huner et al. 1998). Our results also indicated that LTCP decreased with 
nitrogen treatment. On the other hand, HTCP increased in response to nitrogen treatment. 
Such response suggested that plants growing with higher nitrogen can sustain photosynthesis 
across a wider temperature range than plants grown under low nitrogen. Such a response 
would be particularly important under climate change scenarios in which temperature in the 
Great Basin is expected to increase, which would especially benefit those plants growing under 
high nitrogen availability. 
Assimilation rate response to changes in light intensity across all nitrogen treatments 
was described by a non-rectangular hyperbola (Fig, 3.4; Cannell and Thornley 1998; Marshall 
and Biscoe 1980; Thornley 1998a). Aside from the positive effect of nitrogen treatment on Amax 
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(Fig. 3.5B, Table 3.6), we found no effect of nitrogen treatment on apparent quantum yield (Fig. 
3.5A, Table 3.6), which suggested that light use efficiency in B. tectorum grown under 
greenhouse conditions was not affected by nitrogen concentration in the range we studied. 
This finding was surprising because in other species, e.g. sugarcane, apparent quantum yield 
(i.e. light processing capacity) is positively related to Nleaf (Meinzer and Zhu 1998).  
Nitrogen treatment also had a significant effect in the assimilation response to changes 
in VPG (Fig 3.6; Table 3.7). Plants grown at low nitrogen treatments (i.e. 2 and 4 mM) had 
consistently lower assimilation rates than plants grown in high nitrogen treatments across the 
observed range of VPG values achieved in the greenhouse. A decrease in assimilation rate in 
response to increases in VPG has been reported in many species, and it is considered an 
important adaptation for plants in arid and semiarid environments (Schulze et al. 1975). 
Increased VPG leads to a decrease in stomatal conductance, which causes a decrease in 
intercellular CO2 concentration and results in a decreased assimilation rate (Mooney et al. 
1983; Naor et al. 1994; Schulze 1986). Additionally, an increase in VPG decreases assimilation 
rate by non-stomatal resistances, i.e. metabolic downregulations that affect the biochemical 
photosynthetic machinery (Eamus and Shanahan 2002; Tezara et al. 1999). The lack of a 
significant interaction between VPG and nitrogen treatment (Table 3.7) suggested that the 




3.4.2 Model accuracy and application 
The multiplicative model we developed to estimate assimilation rate of B. tectorum 
(Eq.3) was parameterized from assimilation rate measurements taken from greenhouse-grown 
plants. Validation of the model using primarily field data showed that 83% of the variability in 
assimilation rate can be explained by four factors: Nleaf, temperature, light, and VPG (Fig. 3.8; 
Table 3.9), demonstrating high predictive power of the model. Because of known uncertainties 
around the estimation of VPG in the field, particularly in arid and semiarid environments 
(McEvoy et al. 2014), we also tested a model excluding the effect of VPG on assimilation rate. 
Excluding VPG as a factor in the model increased the percentage of variance in assimilation rate 
explained by the model to 86%. However, the model without VPG underpredicted assimilation 
values (Fig. 3.8), which is reflected in a higher RMSE and larger negative bias (Table 3.9). This 
finding suggested that VPG should be included in the model to better estimate assimilation 
rates of B. tectorum. 
In order to use information obtained from B. tectorum grown under controlled 
conditions to predict assimilation rates under natural conditions, we assumed that: (i) the 
maximum assimilation rate of B. tectorum under optimal temperature, light, and VPG was only 
limited by Nleaf; (ii) the relationship between temperature and assimilation rate in the field was 
not significantly different from the relationship found in the greenhouse; and (iii) the 
relationship between light and assimilation rate in the field was not significantly different from 
the relationship found in the greenhouse. 
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This model was parameterized using observations from greenhouse experiments where 
water was non-limiting. However, such conditions rarely occur in the Great Basin, and B. 
tectorum has shown a decrease in photosynthetic assimilation rate in response to water 
limitation (Dakheel et al. 1994). Because the multiplicative model was derived from well-
watered plants, assimilation rates estimated from the model can be considered as maximum 
potential assimilation rates for B. tectorum growing under natural conditions. Therefore, to 
further improve the predictive power of the multiplicative model, future research should 
consider how interactions between nitrogen availability and water stress conditions affect 
assimilation rates of B. tectorum. 
Despite its limitations, this model is an important tool for predicting assimilation rates in 
B. tectorum, and its major strengths are that all the factors included in the model are easy to 
measure and can be measured under either controlled or natural conditions. Additionally, these 
factors can easily be seen as representations of the real-world, an important requirement when 
we want to model actual ecosystems (MacPherson and Gras, 2016). Furthermore, the relative 
simplicity of the model allows the end-user to test sensitivity of estimated assimilation rate to 
one or more factors at once, and to examine how B. tectorum would respond to prospective 
changes in the factors we used. In that sense, the model becomes an experimental tool that 





Our multiplicative model successfully predicted 83% of the variance in assimilation rate 
of B. tectorum in response to Nleaf, temperature, light, and VPG. Assimilation rates estimated 
using this model had high agreement with values observed in B. tectorum plants growing under 
field conditions in northern Nevada (Fig. 3.8).  
This study advanced our understanding of the effects of NLeaf, temperature, light, and 
VPG on the photosynthetic response of B. tectorum. In a previous study (Chapter 2), we showed 
how an increase in assimilation rate leads to an increase in biomass productivity in B. tectorum, 
and other studies have found a strong correlation between biomass productivity and fitness of 
this plant (Goergen et al. 2011; Mack and Pyke 1983). Therefore, predicting assimilation rates of 
B. tectorum under natural conditions combined with approaches that predict the distribution of 
the species under current or future climate conditions would help land managers and decision 
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Table 3.1: Approximate locations where field measurements were taken. Coordinates 
expressed in decimal degrees and closest reference point in the area. 
  
Site Latitude Longitude 
Gund Ranch 39.88 116.58 
Paradise Valley 41.49 117.59 
Winnemucca 40.91 117.70 
Washoe Lake 39.32 119.78 
Cold Springs 39.75 119.96 
Crescent Valley 40.69 116.20 
Grindstone Mountain 40.71 115.91 
Black Mountain 41.24 114.82 
Black Butte 41.34 115.09 
Maggie Creek 40.82 116.26 
Swales Mountain 40.92 116.13 
Midas 41.23 116.57 
Sugar Loaf Butte 41.21 116.33 
Horseshoe Mountain 41.14 116.78 
Bloody Run Peak 41.14 117.73 
New Pass Peak 39.69 117.53 
Seven Lakes Mountain 39.94 119.95 
Tuscarora 41.58 116.22 
Pine Creek 39.93 119.25 
Iron Mine 40.37 116.21 
Quartzite Mountain 41.80 115.94 
Big Bend 41.79 115.72 
 
 
Table 3.2: Summary table for the analysis of covariance (degrees of freedom (df), mean squares 
(MS), and F-tests (F)) of assimilation rate in response to nitrogen content. Location represent 
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Table 3.3: Parameters (and standard error) estimated from a second degree polynomial to 
relate assimilation and leaf temperature. Amax (maximum assimilation rate), Topt (temperature at 
which Amax is reached ͦC), low temperature compensation point (LTCP,  ͦC), and high temperature 











 (S. Error) 
R2adj 
2 14.10 (0.34) 24.90 (0.30) 9.29 (0.41) 40.52 (0.90) 0.78 
4 13.39 (1.59) 26.00 (0.32) 10.49 (0.95) 41.51 (0.65) 0.67 
8 20.72 (0.18) 27.30 (0.29) 9.71 (0.83) 44.90 (0.54) 0.91 
8* 20.23 (0.45) 25.10 (0.49) 7.62 (1.03) 42.57 (0.44) 0.80 
12 19.75 (0.24) 25.80 (0.16) 8.34 (0.95) 43.26 (0.94) 0.80 
16 21.97 (0.39) 26.04 (0.75) 4.59 (1.59) 47.50 (2.59) 0.83 
 
Table 3.4: Summary table of the analysis of variance (degrees of freedom (df), mean squares 
(MS), F-tests (F)), and p value of the effects of nitrogen treatment on Amax (maximum 
assimilation rate), Topt (temperature at which Amax is reached,   ͦC), low temperature 
compensation point (LTCP,  ͦC), and high temperature compensation point (HTCP,   ͦC) 
 
  Amax Topt LTCP HTCP 
Source df MS F p MS F p MS F p MS F p 
Treatment 5 23.56 20.76 <0.01 2.91 3.97 0.01 17.58 4.22 0.01 25.31 4.08 0.01 
Residuals 18 2.07   0.73   4.16   6.21   
 
 
Table 3.5: Parameters (and standard error) estimated using the non-rectangular hyperbola to 
describe the relationship between assimilation and light intensity. α is the apparent quantum 
yield (µmol mol-1 PAR), θ is the curvature coefficient (dimensionless), Amax is the maximum 











2 0.045 (0.006) 0.738 (0.135) 17.334 (0.715) 1.47 
4 0.066 (0.011) 0.565 (0.248) 19.234 (0.929) 1.89 
8 0.051 (0.008) 0.724 (0.162) 22.136 (1.112) 2.12 
8* 0.069 (0.008) 0.592 (0.163) 21.894 (0.766) 1.49 
12 0.066 (0.009) 0.629 (0.167) 23.199 (0.922) 1.77 





Table 3.6: Summary table of the analysis of variance (degrees of freedom (df), mean squares 
(MS), and F-tests (F)) of the effects of nitrogen treatment on the apparent quantum yield and 
maximum assimilation rate of B. tectorum. 
 
 Apparent quantum yield Maximum assimilation 
Source df MS F p MS F p 
Treatment 5 0.001 1.55 0.196 73.31 7.66 <0.001 
Residuals 41 0.0001 --  -- 9.57  --  -- 
 
Table 3.7: Summary table for the analysis of covariance (degrees of freedom (df), mean squares 
(MS), and F-tests (F)) of assimilation rate in response to nitrogen treatment and vapor pressure 





Table 3.8: Summary table of the linear models to estimate the Slope and Intercept of the VPG 
function in response to leaf nitrogen content. All parameters were significant at p ≤ 0.05. 
 
Parameter Slope Intercept R2adj p 
Slope 0.028 -0.20 0.18 0.05 
Intercept 0.022  0.95 0.30 0.01 
 
Table 3.9: Summary table of statistics comparing multiplicative models that estimate 
assimilation rate of B. tectorum. Slope and intercept of the best fit line for each model are 
presented with their 95% confidence interval (C.I). RMSE (μmol m-2 s-1) 
 
 Model with VPG Model without VPG 
Slope (C.I) 1.02 (0.97, 1.07) 0.79(0.75, 0.83) 
Intercept (C.I) 0.74 (0.23, 1.06) -0.31 (-0.67, 0.04) 
R2adj 0.83 0.86 
RMSE 2.42 2.69 
Bias 0.88 -1.93 
 
 
Source df MS F p 
VPG 1 49.39 148.12 <0.001 
Treatment 5 81.61 244.73 <0.001 
VPG:Treatment 5 0.26 0.77 0.58 




Figure 3.1: Relationship between leaf nitrogen content and assimilation rate in field plants 
(solid symbols, R2adj=0.97) and greenhouse-grown plants (open symbols, R2adj=0.94) 
 
.  
Figure 3.2: Effects of leaf temperature on assimilation rate of B. tectorum greenhouse-grown 








Figure 3.3: Effect of nitrogen treatment on: (A) mean maximum assimilation (Amax); (B) 
optimum temperature for photosynthesis; (C) minimum temperature for photosynthesis; and 
(D) maximum temperature for photosynthesis estimated by fitting a second degree polynomial 
to temperature response curves of B. tectorum individuals grown under different nitrogen 
treatment. Error bars are standard errors, and bars with the same letter are not significant 





Figure 3.4: Effects of light intensity on photosynthetic assimilation rate of B. tectorum grown in 





Figure 3.5: Effect of nitrogen treatment on: (A) Apparent quantum yield of the light response 
curve and (B) mean maximum assimilation (Amax) in B. tectorum individuals grown under 
different nitrogen treatment. Values estimated using a non-rectangular hyperbola model. Error 






Figure 3.6: Effects of vapor pressure deficit (VPG) on assimilation rate of B. tectorum grown 





Figure 3.7: Standardized assimilation rate in response to: (A) leaf temperature, (B) light, and (C) 






Figure 3.8: Relationship between observed and predicted values of assimilation of B. tectorum. 
Solid symbols represent the multiplicative model including VPG and open symbols represent 
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Abstract 
Bromus tectorum is the most widely distributed invasive species in the western United 
States. In addition, B. tectorum negatively impacts the ecosystem. Therefore, understanding its 
distribution is highly important. Traditional efforts to predict species distribution are based on 
their current distribution but do not account for the impacts of new environmental conditions. 
In this study, we used a semi-mechanistic multiplicative model to estimate the photosynthetic 
response of B. tectorum at the landscape level using large scale climate data and fixed values of 
leaf nitrogen content (Nleaf). We evaluated the spatial model using climatic and cover data for 
the 2001-2002 growing season. Estimated seasonal carbon gain was correlated to plant cover of 
B. tectorum as indicated by the high frequency of areas with low carbon gain and low cover as 
well as with high carbon gain and high cover. We found that the model successfully 
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incorporated large scale climate data to estimate a biologically complex process such as 
photosynthetic response. Sensitivity analysis indicated that Nleaf has a strong effect in the 
spatial distribution of assimilation rate and carbon gain of B. tectorum. 
 
4.1 Introduction 
Bromus tectorum is an invasive annual native to Eurasia that germinates during the fall 
and overwinters. Therefore, when temperatures increase in the spring, it already has a head 
start over native species (Mack 1981). The negative impacts of B. tectorum on the landscape 
include changes to community composition and, more importantly, an increase in wildfire 
turnover rate (D'Antonio and Vitousek 1992; Hunter 1991). Frequent wildfires benefit the long 
term survival of B. tectorum. After wildfires, B. tectorum develops a deep root system that 
allows quick access to soil water (Melgoza et al. 1990) and it also uses nutrients that become 
available after fires faster than native species (Leffler et al. 2013; Leffler et al. 2011). As we 
previously showed (Chapter 2), photosynthetic carbon assimilation rate (hereafter referred as 
assimilation rate) and biomass productivity of B. tectorum increases in response to nitrogen 
fertilization, and B. tectorum also shows a positive relationship between biomass production 
and seed output (Goergen et al. 2011). Therefore, understanding how different environmental 
factors affect photosynthetic carbon assimilation rate becomes important to predict species 
productivity and distribution in the landscape. 
 Photosynthetic carbon assimilation rate results from complex interactions between 
plants and the environment where they exist (Johnson et al. 1989), and it affects plant primary 
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production. Assimilation rate can be directly measured at the leaf level using different 
approaches, with gas exchange measurements being the most widely used. However, 
mathematical models allow us to evaluate how different environmental factors and their 
interactions affect the assimilation rate of a species. In a previous study (Chapter 3), we 
developed a semi-mechanistic model to estimate assimilation rate of B. tectorum in response to 
leaf nitrogen content (Nleaf), temperature, photosynthetic active radiation (PAR), and vapor 
pressure gradient (VPG). Because those factors are directly observable and predictable (except 
for Nleaf), we used the developed model to estimate spatial-seasonal patterns of photosynthetic 
carbon assimilation rate and carbon gain of B. tectorum. To achieve this, we (i) estimate 
maximum potential assimilation rates of B. tectorum in response to Nleaf, temperature, light, 
and VPG using a multiplicative model; (ii) created a continuous surface of predicted maximum 
assimilation rate of B. tectorum for Nevada based on actual climate data; and finally, (iii) 
compared estimated assimilation rate and seasonal carbon gain with previously determined B. 
tectorum cover to determine how well they agree with each other. 
4.2 Methods 
4.2.1 Meteorological Data  
Daily meteorological data was obtained from the Daily Surface Weather and 
Climatological Summaries (hereafter called Daymet dataset; 
(ftp://daac.ornl.gov/data/daymet/Daymet_mosaics/data/), which provides 1 km gridded 
minimum and maximum temperatures, water vapor pressure, and shortwave radiation 
(Thornton et al. 2014). Daymet observations have been implemented in hundreds of 
biogeography and ecosystems research publications. Although Nevada is relatively sparse in 
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surface station observations, the 1 km resolution provides detailed and accurate information 
about the temperature distribution in the Great Basin region (McEvoy et al. 2014). When 
compared to an independent dataset, McEvoy et al. (2014) found that the altitudinal 
dependency of dew point temperature was overestimated by ~3°C, likely due to Daymet 
estimation procedures, which assumes that Tmin = Tdew. However, these relatively small 
errors are not likely to significantly affect the estimates of dependent parameters described 
below. Due to computation constraints and to maintain relevant spatial features related to the 
Great Basin, Daymet data for the study area  were aggregated to a 10 km grid using a 10 km 
spatial averaging Kernel. The mean minimum temperature, maximum temperature, and VPG 
for the 2001-2002 growing season at a 10 km2 spatial resolution are shown in Figure 4.1. All 
three variables increase from north to south and decrease with elevation.  
4.2.2 Multiplicative Model 
Assimilation was estimated with a semi-mechanistic model (Chapter 3). The model uses 
leaf nitrogen content (Nleaf), temperature, photosynthetic active radiation (PAR), and vapor 
pressure gradient (VPG) to estimate assimilation rate (A) of B. tectorum in the form: 
𝐴 = 𝑓1(𝑁𝑙𝑒𝑎𝑓) ∗ 𝑓2(𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒) ∗ 𝑓3(𝑃𝐴𝑅) ∗ 𝑓4(𝑉𝑃𝐺) 
   Eq. 4.1 
 
 Assimilation rate in response to Nleaf is described by a linear model. The linear increase 
in assimilation rate in response to Nleaf has been found in multiple species and has been 
explained by nitrogen investment into components of the photosynthetic machinery. The 
assimilation rate increase and subsequent decrease with temperature around a maximum 
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assimilation (Amax, assimilation at the optimum temperature for photosynthesis) was 
described with a second degree polynomial. The increase in assimilation rate in response to 
PAR until a point is reached at which an increase in PAR does not translate into an increase in 
assimilation rate was described by a non-rectangular hyperbola (Cannell and Thornley 1998). 
Finally, the decrease in assimilation rate in response to VPG was described by a linear function, 
and this response has been explained by the negative effects of VPG on stomatal conductance, 
which causes a decrease in assimilation rate. 
 Assimilation rate estimated by the multiplicative model equals the assimilation value 
calculated based on a linear relationship between assimilation rate and Nleaf multiplied by the 
standardized assimilation responses to temperature, PAR, and VPG. Those responses were 
standardized to compare them regardless of their magnitude. Thus, estimated assimilation 
equals the assimilation rate calculated in response to Nleaf when temperature, light, and VPG 
conditions are optimal. Otherwise, estimated assimilation would be lower than the assimilation 
calculated from Nleaf alone. 
 The multiplicative model was parameterized using information derived from 
assimilation measurements using plants grown under different nitrogen treatments in 
greenhouse conditions (Chapter 2) and was validated using an independent dataset composed 
of 283 field observations and 14 greenhouse observations. This model explained 83% of the 
variability observed in assimilation rate (Chapter 3).  
4.2.3 Model Implementation 
Figure 4.2 shows a schematic representation of the inputs and outputs for the spatial 
implementation of the multiplicative model to estimate photosynthetic carbon gain of B. 
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tectorum. The multiplicative model requires Nleaf as an input to estimate assimilation rate of B. 
tectorum. However, a database of Nleaf for B. tectorum that could be used in the model was not 
available. For this work we implemented the multiplicative model using three fixed Nleaf values 
(0.8, 2.2, and 5.8 %N). These values represent the minimum, mean, and maximum Nleaf values 
observed from field collected samples. With this approach we assumed Nleaf to be uniform over 
the landscape and constant throughout the growing season for each of the three scenarios. 
The multiplicative model was implemented with hourly estimates of temperature, PAR, 
and VPG to estimate hourly assimilation rates of B. tectorum. Hourly assimilation values were 
aggregated to obtain daily assimilation values, which in turn were accumulated to obtain 
seasonal carbon gains. Hourly temperature data were obtained as described by Reicosky et al. 
(1989) using daily minimum and maximum temperatures from Daymet (Eq. 4.2). 
𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 = (𝑇𝑚𝑎𝑥 − 𝑇𝑚𝑖𝑛) ∗ sin (
𝜋 𝑚
𝑦+2𝑎
) + 𝑇𝑚𝑖𝑛   (Eq. 4.2) 
where m= number of hours between sunset and time of Tmin, y= day length, and a=lag 
coefficient for Tmax=1.8. 
Hourly PAR values were estimated from hourly short wave solar radiation values 
obtained from NOAA (http://www.esrl.noaa.gov/gmd/grad/solcalc/index.html) as 
proposed by Howell (1983), which describes the relationship between PAR and short wave 
radiation as: 
𝑃𝐴𝑅 = 2 ∗ 𝑆ℎ𝑜𝑟𝑡 𝑤𝑎𝑣𝑒 𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛     (Eq. 4.3) 
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Hourly vapor pressure gradient was calculated as the difference between air vapor 
pressure (eair; based on Tmin), and saturation vapor pressure at leaf temperature (eleaf; Eq. 4.4). 
We assumed temperature at leaf level to be the same as the reference temperature (measured 
at 2 m from the ground) used in Daymet. However, this assumption fails to capture the spatial 
heterogeneity that could arise from microclimate effects on assimilation rate. Microclimate at 
plant level can be more heterogeneous because of small-scale topography and relief.    
𝑉𝑃𝐺 = 𝑒𝑎𝑖𝑟 − 𝑒𝑙𝑒𝑎𝑓    (Eq. 4.4) 
Because B. tectorum often germinates in the fall and then overwinters (Mack 1981), we 
defined October 1st as the start of the growing season, which corresponds to the beginning of 
the water year. The end of the growing season was defined by the number of growing degree 
days (GDD) to reach seed production, a value that varies geographically for B. tectorum (Ball 
1995). We chose 957 GDD as the growing season end point and assumed it was the same 
throughout the area. We chose this value because it represents the average GDD to seed 
production in B. tectorum in the region (Ball 1995) . The base temperature was set as 0 Cͦ and 
accumulation started on October 1st. 
We also assumed that plants started to accumulate carbon with the onset of the 
growing season and that all assimilated carbon was accumulated on a daily time step. During 
winter, when low temperatures lead to negative assimilation values (i.e. plant respiration), 
plants survived as long as the overall stored carbon was > 0. Once a plant consumed all of its 
stored carbon, it was assumed to be dead, and that pixel remained empty until GDD 
accumulation resumed with warmer spring temperatures. Given that we assumed an infinite 
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seed source, a new plant started accumulating carbon and continued until 957 GDD. Once this 
point was reached, no more recruitment was allowed on the basis of low water availability. 
4.2.4 Model evaluation 
The multiplicative model was run with Daymet data for the 2001-2002 growing season. 
This growing season was chosen to compare the assimilation rate with estimated B. tectorum 
abundance estimated from normalized difference vegetation index (Peterson 2003). We used 
two different approaches to validate the model: (i) time series analysis, in which we selected 
locations across Nevada and estimated assimilation rate in response to Nleaf, and (ii) spatially 
explicit analysis, in which estimated assimilation rate in response to Nleaf was a continuous layer 
across the region. 
 Time series analysis 
We evaluated the model in the same locations that we used to validate the 
multiplicative model (Chapter 3, Table 3.1). At each location, the multiplicative model was run 
using minimum (0.8%), mean (2.2%), and maximum (5.5%) observed values for Nleaf. We also 
used a fourth Nleaf value (3.5%; chosen as an intermediate value between the mean and 
maximum values) to better understand how Nleaf affects the estimated carbon gain. At each 
location, we evaluated how seasonal carbon gain changed throughout the growing season. 
Seasonal carbon gain represents daily carbon gain accumulated throughout the length of the 
growing season (mol CO2 m-2).  
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 Spatial analysis 
The spatial evaluation of the multiplicative model was restricted to two Nleaf values: 2.2 
and 5.3%. The minimum Nleaf value (0.8%) was not included because very little carbon 
accumulated throughout the season. We evaluated estimated maximum assimilation rate, total 
seasonal carbon gain, and accumulated carbon during the fall. All of these responses were 
expressed in µmol and evaluated at a 10 km2 spatial resolution. 
Agreement between estimated photosynthetic response of B. tectorum and percent 
cover of the species was evaluated. We compared percent cover (blocked on 5% intervals) to 
the estimated maximum assimilation rate and to the estimated seasonal carbon gain. Percent 
cover was derived with a statistical model to estimate B. tectorum cover from satellite data 
using NDVI (Peterson 2003). 
4.3 Results 
4.3.1 Time series analysis 
We evaluated how seasonal carbon gain varied throughout the growing season in 22 
locations (Chapter 3, Table 3.1). Response was similar across all locations. Therefore, we 
present results for a single location. We chose the Gund Ranch location in central Nevada as 
representative of the response across the landscape.  
Minimum and maximum temperatures and VPG at the Gund Ranch for the 2001-2002 
growing season are shown in Figure 4.3A. As expected, estimated carbon accumulation in B. 
tectorum increased with Nleaf (Fig. 4.3B). Carbon accumulation started at the beginning of the 
growing season (October 1st) and continued throughout the fall until GDD accumulation 
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stopped at all Nleaf values, and accumulated carbon began to decrease. The amount of carbon 
accumulated prior to winter determines how long plants survive before dying (accumulated 
carbon = 0). During winter, each time a plant died, GDD reset back to zero and resumed with a 
new plant when temperatures increased and allowed carbon accumulation. In late March, GDD 
and carbon accumulation resumed and continued to increase until the end on the growing 
season (GDD =957). At very low Nleaf (0.8%), carbon gain was very close to zero throughout the 
growing season. 
4.3.2 Spatial analysis 
Estimated maximum assimilation rate represents the overall maximum assimilation rate 
estimated during the growing season. At medium Nleaf values (2.2%), estimated maximum 
assimilation rate was consistently lower across the landscape (Fig. 4.4A) than it was at high Nleaf 
values (5.3%; Fig. 4.4B). Despite the Nleaf value used, estimated maximum assimilation of B. 
tectorum varied along longitudinal and latitudinal gradients. Maximum assimilation rate was 
lowest in regions where seasonal temperature (minimum and maximum) as well as VPG were 
lower (Fig. 4.1) such as northeastern Nevada. Maximum assimilation rate was higher in regions 
where seasonal average temperature (minimum and maximum) as well as VPG were higher 
(Fig. 4.1) such as southern Nevada. 
Estimated seasonal carbon gain of B. tectorum was also affected by Nleaf (Fig. 4.5). At 
medium Nleaf values (2.2%; Fig 4.5A), estimated seasonal carbon gain was approximately 50% 
lower than at high Nleaf (5.3%; Fig. 4.5B). The distribution of seasonal carbon gain followed a 
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similar pattern to that of temperatures and VPG. But contrary to maximum assimilation rate, 
seasonal carbon gain was lower in southern Nevada. 
Estimated early season carbon gain represents the estimated carbon gain by B. tectorum 
prior to the onset of winter. It was defined as the maximum accumulated carbon value before 
January 1st and was also impacted by Nleaf (Fig. 4.6). Estimated carbon gain prior to the onset of 
winter is approximately 50% lower at medium Nleaf (2.2%; Fig. 4.6A) than at higher Nleaf (5.3%; 
Fig. 4.6B). In terms of spatial distribution, estimated early season carbon gain was higher in 
central and southern regions of Nevada where mean temperatures (minimum and maximum) 
tend to be higher (Fig. 4.1). 
We compared the photosynthetic response and plant cover of B. tectorum on a per pixel 
basis at a 10 km2 spatial resolution. Plant cover was grouped in 5% intervals, and the 
distribution of estimated maximum assimilation and season carbon gain was evaluated based 
on the number of pixels in each cover interval. We evaluated the model using both Nleaf values 
(2.2 and 5.3%). The response to both was similar in spatial pattern but scaled in response to 
Nleaf. Therefore, we only present results for Nleaf= 5.3% (Figure 4.7). Distribution of maximum 
assimilation rate was similar across all cover intervals with a median of ~23.7 µmol m-2 s-1 (Fig. 
4.7A). At percent cover ≤20%, we observed upper and lower outliers. However at percent cover 
>20%, only lower outliers were observed. The distribution of seasonal carbon gain across cover 
intervals had a median of ~1200 mol m-2 (Fig. 4.7B). The only observed upper outlier was found 




Bromus tectorum is widely distributed in the western United States (Duncan et al. 2004). 
However, its cover is not uniform across the landscape as seen in the map created by Peterson 
(2003). Additionally, climate change is expected to affect the distribution of B. tectorum 
(Bradley et al. 2009). Thus, identification of areas where the species can migrate is an important 
component of effective management strategies.  
We used a multiplicative model to estimate how the photosynthetic rate of B. tectorum 
in response to Nleaf, temperature, light, and VPG varied across the landscape. To estimate 
photosynthetic carbon assimilation, the multiplicative model requires Nleaf as an input (Fig. 4.2). 
However, a Nleaf database of B. tectorum is not available. One alternative to overcome such 
limitation is to use estimated net mineralization rates as an approximation to plant available 
nitrogen (Chapman et al. 2013; Schimel and Bennett 2004). However, such an approximation 
adds uncertainties to the model because it does not account for the complex interactions 
between soil microfauna and soil water availability that determine plant available nitrogen. 
Furthermore, plant nitrogen uptake and efficiency are species specific and impacted by 
environmental conditions (Knoepp and Swank 2002; Powers 1990; Swift et al. 1979). 
Additionally, it has been shown that mineralization rate is low in cold and dry environments 
(Lloyd and Taylor 1994). 
We assumed Nleaf to be uniform across the landscape. However, nitrogen availability at 
the landscape level is highly dynamic (Burke et al. 1989). Results from the time series analysis 
highlight how changes in Nleaf would affect the photosynthetic response of B. tectorum when 
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temperature, light, and VPG are held constant. With more detailed information about nitrogen 
availability at the landscape level and how it impacts Nleaf in B. tectorum, we could identify 
areas of low nitrogen availability. In such areas, B. tectorum is likely to perform poorly against 
native species that have evolved under conditions of low nutrient availability (D'Antonio and 
Vitousek 1992; Dukes and Mooney 1999; Vallano et al. 2012). 
 By using discrete Nleaf values, we assumed that Nleaf is homogeneous across the 
landscape and that it does not vary throughout the growing season. However, the time series 
analysis we performed (Fig. 4.3B) showed how different Nleaf values affect seasonal carbon 
accumulation in B. tectorum. Therefore, such an assumption represents a simplification of the 
very complex nitrogen cycle across landscape, and good estimations of the nitrogen cycle are 
needed for effective ecological modelling (Chapman et al. 2013).  
The strong effect of Nleaf on estimation of photosynthetic carbon assimilation of B. 
tectorum at the landscape level agrees with what has been found at the leaf level. We 
previously found a positive linear relationship between Nleaf and assimilation rate of B. tectorum 
(Chapter 2). The same response has been found in other species, and it has been explained by 
the large proportion of Nleaf that is invested into the photosynthetic apparatus (Evans 1989a; 
Evans 1989b). 
In this study, we used carbon gain as the seasonal (growing season or prior to the onset 
of winter) accumulation of daily maximum carbon that B. tectorum can fix via photosynthesis, 
which was estimated using the multiplicative model. The model that we used was parametrized 
using plants grown under greenhouse conditions where water was not limiting (Chapter 3). 
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Thus, daily carbon gain represents the maximum potential gain for a B. tectorum plant under 
specific conditions of Nleaf, temperature, light, and VPG. Therefore, to improve the predictions 
from the multiplicative model, future work should evaluate the effects of water stress on the 
photosynthetic response of B. tectorum. We expect that as water availability decreases, 
assimilation rate will decrease throughout the landscape, therefore decreasing the 
overestimation we observed because of the model assumptions. 
The time series analysis (Fig. 4.3) shows the strong effect of Nleaf on the estimated 
seasonal carbon gain of B. tectorum. Moreover, by comparing weather data (Fig 4.3A) to the 
accumulated carbon (Fig. 4.3B), we can better understand the effects of temperature and VPG 
on the photosynthetic response of B. tectorum. As temperature decreases, photosynthetic 
carbon assimilation decreases. Reasons for such decrease include a decrease in enzymatic 
activity and decreased fluidity of biological membranes (Lambers et al. 2008). Additionally at 
low temperatures, respiration can continue to occur at temperatures lower than 
photosynthesis, which causes depletion of stored carbon during winter (Schulze et al. 2005). 
An important result from this study was the disparity between estimated maximum 
assimilation rate (Fig. 4.4) and estimated seasonal carbon gain (Fig. 4.5) of B. tectorum in 
southern Nevada. Estimated maximum assimilation rate represents the overall maximum 
potential assimilation rate throughout the growing season and does not account for seasonal 
patterns in carbon fixation and consumption. Conversely, seasonal carbon gain is a more 
comprehensive estimation of the carbon budget throughout the growing season. Estimated 
lower carbon gain for B. tectorum in southern Nevada agrees with the distribution of the 
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species. In the ‘hot deserts’ of the southwestern US, B. madritensis is more prevalent than B. 
tectorum (Mack 1981; Salo 2004; Salo 2005; Salo et al. 2005). In the ‘cold deserts’ of the 
western US, B. tectorum is more prevalent because it is better adapted to lower temperatures 
(Chambers et al. 2007; Hulbert 1955). However, it is critical to understand that a high predicted 
seasonal carbon gain does not imply the success of the species. Plants can establish in regions 
with the potential for high seasonal carbon gain and could potentially have high productivity 
and high seed output. But if climate in the region does not lead to successful recruitment (e.g. 
due to low germination rate or the absence of seed production), the species would not persist 
in those regions. 
The median of estimated maximum assimilation rate of B. tectorum did not vary across 
the percent cover intervals. However, the maximum observed value was closer to the median 
value when percent cover was >15% (Fig. 4.7A). This decrease in maximum observed values of 
estimated maximum assimilation rate suggest that at low plant cover (≤ 15%), a larger variation 
in maximum assimilation rate was predicted. However, it is important to remember that a 
maximum potential assimilation rate represents a single time point throughout the growing 
season. Therefore, we used estimated seasonal carbon gain as a more comprehensive 
measurement of how the environment would impact the photosynthetic response of B. 
tectorum (Fig. 4.7B). Although the median estimated seasonal carbon gain did not vary across 
plant cover intervals, the distribution of estimated seasonal carbon gain did vary. As plant cover 
increased, the number of lower outliers decreased, which suggest that the number of pixels 
with low seasonal carbon gain and low cover in the 2001-2002 growing season was higher than 
the number of pixels with low seasonal carbon gain and high plant cover. However, at low plant 
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cover (≤ 15%), the number of pixels with the potential for high seasonal carbon gain is high. 
Plant cover in a region depends on successful recruitment of the species. In annual species, 
recruitment is affected by seed output, and in the case of B. tectorum, seed output is positively 
correlated to biomass (Goergen et al. 2011). Therefore, because higher seasonal carbon gain 
can potentially lead to higher seed output, we expected a positive relationship that we found 
between plant cover and estimated seasonal carbon gain. 
At high Nleaf values, estimated carbon accumulation is higher. Bromus tectorum is a 
winter annual that often germinates during the fall and overwinters (Mack 1981). Increased 
carbon accumulation prior to the onset of winter would allow the species to survive longer 
periods of negative assimilation (carbon consumption) and increase the odds of winter survival 
for the species. At high elevations, where winter survival of B. tectorum is low (Chambers et al. 
2007; Leger et al. 2009), an increase in available nitrogen could increase survival of the species 
and consequently increase the range of the species. 
We estimated the spatial distribution of seasonal carbon gain to identify areas where 
environmental conditions would lead to high seasonal carbon gain in B. tectorum. Our results 
can be combined with previously published distribution model of the species (Bradley and 
Wilcove 2009; Peterson 2003) so that areas where our model estimates high carbon gain but 
currently have low plant cover can become important targets for restoration and conservation 
efforts. In this study, we assumed constant and homogeneous Nleaf, which can be the source of 
the overestimation of carbon gain in certain areas, but our results indicate the model’s 
sensitivity to Nleaf, which we can use to help design management plans aimed at the 
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conservation or restoration of more conservative nutrient cycles that hinder nitrogen 
mineralization and excess production of nutrients as a way to negatively impact invasive species 
like B. tectorum (Haynes and Williams 1993; Norton et al. 2007; Schimel 1986). 
4.5 Conclusion 
Bromus tectorum has been a part of the western US for over a century (Young and Allen 
1997; Young et al. 1987), and it was become the most widely distributed invasive species in the 
region (Mack 1981). Therefore, its eradication from the region is an unrealistic objective 
(Peterson 2003). Nonetheless, strong and effective management strategies are needed to 
control the species, for which understanding the distribution of the species is critical. 
Maps created from satellite data like the one created by Peterson (2003) provide a static 
picture of the species distribution at the time when satellite images where captured. However, 
with a mechanistic understanding of how the environment affects the species, we can improve 
variable selection for species distribution models and better predict species distribution under 
new environmental conditions (Austin and Van Niel 2010).  
Further work should focus on how water availability affects assimilation rate. We 
assumed water availability was not limiting, but in the western United States that is unrealistic. 
Low water availability is likely to impact the photosynthetic response of B. tectorum. 
Additionally, we need more dynamic approaches to estimate Nleaf to capture the spatial 
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Figure 4.1: Spatial distribution of mean: (A) minimum temperature ( Cͦ), (B) maximum 
temperature ( ͦC), and (C) mean vapor pressure gradient (kPa) for the 2001-2002 growing 





Figure 4.2: Schematic representation of the multiplicative model to estimate assimilation rate 






Figure 4.3: (A) Temperature (minimum and maximum) and vapor pressure gradient for the 
2001-2002 growing season in central Nevada, (B) Seasonal carbon assimilation (mol m-2) of 
Bromus tectorum in response to leaf nitrogen content (Nleaf) for the 2001-2002 growing season 
in central Nevada. Growing season started on October 1st 2001, and growing degree days (GDD) 







Figure 4.4: Estimated maximum assimilation of B. tectorum in response to temperature, light, 






Figure 4.5: Estimated seasonal carbon gain of B. tectorum in response to temperature, light, 





Figure 4.6: Estimated maximum carbon accumulated by the onset of winter by B. tectorum in 
response to temperature, light, and VPG at a 10 km2 spatial resolution for :(A) Nleaf=2.2%; and 





Figure 4.7: Distribution of the estimated photosynthetic response in each interval of estimated 
B. tectorum cover. (A) maximum assimilation rate and (B) seasonal carbon gain for the 2001-
2002 growing season. Boxes correspond to the median, upper quartile (50%) and lower quartile 
(25%). Whiskers correspond to the minimum and maximum value observed excluding outliers. 





CHAPTER 5: General Conclusion 
The main objective of this dissertation was to evaluate the effects of nitrogen on B. 
tectorum. The specific objectives were (1) to evaluate how productivity and carbon assimilation 
rate of B. tectorum changed when plants were grown under 7 different nitrogen treatments, (2) 
to develop a semi-mechanistic model to estimate assimilation of B. tectorum in response to leaf 
nitrogen content (Nleaf), temperature, light, and vapor pressure gradient (VPG), (3) estimate 
assimilation rate of B. tectorum at the landscape level using a semi-mechanistic model with 
large scale climate data, and (4) evaluate if estimated assimilation rate and estimated 
abundance of B. tectorum are positively correlated. 
Bromus tectorum has been shown to respond positively to nitrogen fertilization, but the 
mechanisms that cause such a response are still unclear (Concilio and Loik 2013; Concilio et al. 
2013; Vasquez et al. 2008). In Chapter 2, we found that nitrogen availability had a positive 
effect on productivity and assimilation rate of B. tectorum. Total biomass and total number of 
tillers increased with nitrogen availability but reached a plateau at nitrogen treatments ≥ 8 
mM. In contrast, total number of leaves and assimilation rate continued to increase with 
nitrogen treatment and Nleaf. Such a response suggests that B. tectorum allocates nitrogen to 
productivity and assimilation rate. However, at high nitrogen availability, nitrogen allocation 
towards assimilation rate continues even if no more biomass is produced. These findings 
suggest that a possible explanation for the response of B. tectorum to nitrogen fertilization may 
lie in the biochemical processes associated with photosynthetic assimilation rate, which 
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ultimately leads to biomass production (as reflected by total biomass, the total number of tillers 
and total number of leaves). 
Given the ecological impact that an invasive species such as B. tectorum has in the 
ecosystem, in Chapter 3 we sought to develop a semi-mechanistic model based on physiological 
and environmental parameters to estimate assimilation rate of B. tectorum. The model 
successfully predicted 83% of the variability in assimilation rate with four factors: Nleaf, 
temperature, light, and VPG. Because of known limitations in the estimation of VPG at the 
landscape level (McEvoy et al. 2014), we tested a second model without VPG as a factor. 
Although the model without VPG explained a slightly higher percentage of the variability (86%), 
the difference between observed and predicted values was larger, and predicted values 
systematically underpredicted observed values. Such results highlight the importance of VPG as 
a predictive factor in the estimation of assimilation rate of B. tectorum. 
As a logical next step, the goal of Chapter 4 was to estimate assimilation rate of B. 
tectorum at the landscape level. By incorporating large scale climate data, we were able to 
estimate assimilation rate of B. tectorum at 10 km2 spatial resolution. We evaluated 
assimilation rate at different Nleaf values and climate data for the 2001-2002 growing season. 
Assimilation rate was integrated over the length of the growing season to obtain a maximum 
seasonal carbon gain. Percent cover of B. tectorum estimated from satellite data (Peterson 
2003) was correlated to the estimated seasonal carbon gain.  
Estimated seasonal carbon gain of B. tectorum was lower in southern than in central 
Nevada. Such pattern agrees with the current distribution of the species, given that B. tectorum 
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is more dominant in the cold deserts of western United states (Chambers et al. 2007; Mack 
1981; Young et al. 1969) than in the hot desert regions of the western United States, where 
Bromus madritensis becomes more dominant. More importantly, at high Nleaf values we found 
regions with high estimated carbon gain but currently have low percent cover. These areas can 
potentially be targeted for conservation and restoration efforts, because if conditions in those 
regions change due to climate changes or disturbances (e.g. wildfires), it is likely that B. 
tectorum will succeed and outcompete the native species in those regions. However, to 
evaluate the model at the landscape level, we had to make several assumptions. For example, 
we assumed that water was not limiting and that Nleaf was constant and homogeneous, both of 
which are unlikely in Nevada. Therefore, future improvements to the model should focus on 
how changes in water availability during the growing season affects assimilation and on how to 
better estimate Nleaf. Re-evaluation of those assumptions are likely to decrease overestimation 
in assimilation rate and seasonal carbon gain.  
In this study, we combined greenhouse and modelling approaches to evaluate how 
nitrogen and climate affect the productivity and photosynthetic response of B. tectorum. It is 
highly unlikely to eradicate B. tectorum from the Great Basin. In addition, climate change is 
predicted to affect the distribution of B. tectorum. Therefore, a mechanistic knowledge of how 
the species will respond to new environmental conditions would lead to more realistic 
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